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About This Report

Industry has developed a new class of aircraft capable of electric vertical takeoff and landing
(eVTOL) that could have applications for the U.S. Air Force (USAF). To this end, Air Force
Research Laboratories founded the Agility Prime program to help shape and accelerate the coming
eVTOL market. This report provides an assessment of the value that eVTOL aircraft could bring to
USAF missions. It also explores how the commercial market might respond to potential USAF
requirements and delineates existing options for transitioning commercial technology to warfighters,
including acquisition mechanisms. Finally, it offers a set of recommendations to Agility Prime and
other USAF and government stakeholders on how the USAF should proceed with eVTOL
technology and, more generally, ideas to facilitate transfer of emerging commercial technologies to the
USAF.

The research reported here was commissioned by the Air Force Research Laboratory and was
conducted within the Force Modernization and Employment Program of RAND Project AIR
FORCE as part of a fiscal year 2021 project, “Leveraging Advanced Air Mobility for the Department
of the Air Force.”

RAND Project AIR FORCE

RAND Project AIR FORCE (PAF), a division of RAND, is the Department of the Air Force’s
(DAF’s) federally funded research and development center for studies and analyses, supporting both
the United States Air Force and the United States Space Force. PAF provides the DAF with
independent analyses of policy alternatives affecting the development, employment, combat readiness,
and support of current and future air, space, and cyber forces. Research is conducted in four programs:
Strategy and Doctrine; Force Modernization and Employment; Resource Management; and
Workforce, Development, and Health. The research reported here was prepared under contract
FA7014-16-D-1000.

Additional information about PAF is available on our website:

www.rand.org/paf/

This report documents work originally shared with the DAF on July 5, 2022. The draft report,
dated July 2022, was reviewed by formal peer reviewers and DAF subject-matter experts.
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Summary

Background

Billions of dollars from industry have been poured into the development of electric vertical takeoff
and landing (eVTOL) aircraft for future urban mobility. The Air Force Research Laboratory founded
Agility Prime to shape and accelerate the eVTOL market. In this report, we evaluate the utility the
U.S. Air Force (USAF) might get from eVTOL aircraft, how much influence the USAF has on
technical development and supply chains, and options for transitioning emerging commercial

technology to the USAF to recommend an eVTOL strategy for the USAF.

Approach

This research involved a literature review, expert discussions, operation modeling, aircraft
performance modeling, strategic modeling, and case studies. We leveraged eVTOL performance
parameters, economic data, policy statutes, and background literature. The main outputs are measures
of eVTOL military utility, forecasted military market share, the future eVTOL supply chain
geography, and feasible transition routes that the USAF could use to adopt eVTOL aircraft.

Key Findings

o  State of the technology and market: A revenue-generating eV TOL market is on the brink of
emerging. Commercial viability hinges on sufficient charging infrastructure, pilot training,
safety, and public trust. State-of-the-art eV TOL aircraft can carry a 1,000-1b payload for 150
to 200 nmi. Plausible future solid-state lithium batteries, lightweight hydrogen fuel cells, or a
hybrid fuel-electric aircraft model could significantly increase that range or payload.

o Utility to the USAF: eVTOL aircraft could benefit select USAF missions today, including
replacing car transport of security forces at the Malmstrom Air Force Base missile fields. In a
future high-end fight, such aircraft could provide operational support airlift for agile combat
employment, for which transport aircraft, such as C-130s, are in short supply. eVTOL also
confers resilience through runway and jet fuel independence. However, historical analysis
suggests that eV TOL aircraft are unlikely to be transformational today, and we did not find a
major command ready to sponsor an eV TOL capability today. Stakeholders suggested that
autonomous flight and increased range, payload, and hover would enhance eVTOL
attractiveness.

o USAF influence on the market: USAF eVTOL demand will constitute a fraction of a percent of
the projected total 2050 market, limiting the USAF’s ability to induce eVTOL company

production of aircraft with defense-unique specifications or to mitigate various supply chain



vulnerabilities. We found that future eVTOL supply chains will not be dominated by a single
foreign nation but that certain countries dominate the manufacturing of important inputs,
introducing security and reliability vulnerabilities. We also assessed that the USAF lacks other
significant mechanisms to shape the future eVTOL market.

Strategic framework to inform future USAF investment: We developed a model to inform USAF
strategy based on the technology’s military value and market sensitivity to military investment
(a function of market share and opportunities for first-mover advantage). Agility Prime’s goals
most align to a shape-the-market strategy, but the eVTOL market is not a good fit. Instead, a
survey-the-market strategy is appropriate and low risk for eVTOL today.

Options to transition eV TOL technology to the warfighter: Technologies that do not align with a
capability gap have limited transition options. Experimenting and using eV TOL aircraft for
small-scale operations is the best path forward to collect feedback and showcase the
technology. Many barriers exist to transitioning emerging commercial technologies, suggesting
a need for the USAF to develop and test new acquisition processes before the next game-
changing commercial technology is discovered.

Recommendations

Injecting capital into eVTOL firms is not likely to have Agility Prime’s desired effect of shaping
the domestic eVTOL industry. Instead, Agility Prime should focus on two lines of effort (LOEs):

LOE 1 should lead acquisition and experimentation efforts and buy, lease, or acquire as a
service a few of the most-capable eVTOL aircraft for small-scale operational use and live
experiments. The aircraft can transport security forces at Malmstrom Air Force Base and
maintain flexibility so that aircraft can participate in live exercises. Additionally, eVTOL
aircraft can be used in virtual exercises and wargames. Feedback can be solicited from users
and results can be socialized to avoid the defense valley of death.

LOE 2 should sustain relationships with eVTOL companies to foster nonmonetary
collaboration in pursuit of autonomous flight. It can monitor the technology and market and
share knowledge with interested government entities. Along with the Air Force Life Cycle
Management Center Airworthiness Office, this LOE should support government entities
working on eVTOL Federal Aviation Administration certifications, air traffic control
regulations, and pilot requirements. Finally, it should broadly share knowledge about eVTOL
supply chain risks to improve supply chain risk management for key inputs that are also
critical for broader national security objectives.

In addition, Air Force Research Laboratory’s AFWERX should use our strategic framework to

weigh the next commercial technology to “prime.” The next technology should have high projected

military utility and market sensitivity to military investment. Given finite resources, the USAF should

take a utility maximization portfolio approach.

Finally, the Office of the Secretary of the Air Force for Acquisition and Air Force Futures should

develop tools and processes to prepare for adoption of the next game-changing emerging commercial

technologies, especially ones that do not immediately align with a capability gap.
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Chapter 1

Introduction

The Jetsons, an animated television show, premiered in 1962 and featured flying cars for character
travel, In 1985, Back to the Future, a science fiction comedy, came out, positing a variety of prospective
technologies, including flying cars for city travel. But the concept of small air vehicles for personal
travel goes even further back—in 1939 the VS-300 helicopter took flight, and light personal aircraft,
such as the Cessna 172 Skyhawk, have been flying since the 1950s. Individuals can obtain general
aviation pilot licenses, but doing so is expensive and time consuming and requires runway availability.
Helicopters allow vertical takeoff and landing (VTOL), but they are loud, notoriously difficult to fly,
energy inefficient, and expensive to operate and maintain. Consequently, none of these aircraft
matched, or match, the vision of the screenwriters, in which the general population can enter a vehicle
near their homes and personally fly wherever they want to go without disturbing their neighbors.

Although we still do not see cars flying around, there has been much quiet progress over the past
15 years in developing distributed electric propulsion and novel airframes that allow both vertical lift
and cruise flight.' Combined with a dramatic decrease in lithium-ion battery costs, progress toward
battery-powered, light, VT OL aircraft has been rapidly accelerating and may very well lead to a new
market in short-distance air mobility in the coming years, which has particular application to urban
mobility. November 2009 marked a paradigm shift when the National Aeronautics and Space
Administration (NASA) published a YouTube video showcasing a conceptual single-flyer electric
VTOL (eVTOL) aircraft called the Puffin (Barnstorff, 2010). Two months earlier, JoeBen Bevirt had
founded Joby Aero (now Joby Aviation) to explore the potential of electric aviation and, along with
several other companies, set off to demonstrate that distributed electric propulsion could be useful and
could one day become a commercially viable form of aviation.

In 2016, Uber Elevate, a unit of Uber, focused on airborne urban mobility, published an on-
demand aviation concept that would employ a fleet of VTOL aircraft to shuttle people around and
between nearby cities, bypassing chronic traffic. These aircraft would be faster and safer than cars yet
inexpensive enough to be used by the regular commuter. Critically, these VTOL aircraft would
harness a large network of vertiports (hubs that would enable multiple takeoff and landing pads, along
with fueling or charging infrastructure) and vertistops (single VTOL pads with minimal
infrastructure). Unlike cars, these aircraft would be road-independent. Finally, these aircraft would be

electric, allowing them to fly quietly over residential areas and be environmentally sustainable,

L Aircraft powered by distributed electric propulsion have multiple propellers providing thrust and/or lift, each of which is driven
by an electric motor. Some advantages of distributed electric propulsion include a higher motor power-to-weight ratio, higher
efficiency than standard turbine engines, no need for a transmission, lighter weight, and environmental benefits. Because they
have multiple simple electric motors instead of one or a few complex turbines, as on legacy aircraft, these aircraft also have more

redundancy against failures, if designed right. If a motor does fail, it should be relatively simple to replace (Moore, 2016).



situating them for a future less dependent on fossil fuels (Holden and Goel, 2016).> The Uber name
gave the eVTOL aircraft taxi concept an air of legitimacy, and it generated buzz and excitement (e.g.,
Hirschberg, 2021). Uber Elevate did not go so far as to suggest that everyone would be flying their
own eVTOL aircraft (thus, not actually reaching the level of personal flying cars) but did plant the
seeds of real-life airborne urban mobility just around the time that commercial experimentation with
eVTOL engineering designs was taking off.

Since then, there has been a flurry of commercial activity in the eVTOL space. There have been
multiple prototype eV TOL aircraft that, in combination, have flown tens of thousands of test flights,’
and more than one company has transitioned from prototype to production phase. Dozens of
companies have eVTOL plans; as of June 2022, six companies had sufficiently mature technology and
production capability to have gone public through mergers and special purpose acquisition companies,
yielding a combined market capitalization of $15 billion (Esqué and Riedel, 2022).* eVTOL
engineering designs that enable both vertical lift and thrust throughout flight vary across companies
but all feature the aforementioned battery-powered electric propulsion systems and, in theory, will one
day fly autonomously. While the commercial success of any new industry or technology is not a
guarantee, eV TOL companies and investors are pushing to bring the technology to large-scale
production and are working with regulatory agencies, such as the Federal Aviation Administration
(FAA) and local governments, to actually fly the novel aircraft in U.S. cities.

The question of whether or not eVTOL aircraft will have a significant role to play for the U.S. Air
Force (USAF), however, remained open. Answering this question is a principal purpose of this report.
Historically, military investment in new technology has been an important source of innovation
affecting both military capability and the broader civilian economy. Over time, the nature of this
investment has changed: In 1969, the Mansfield Amendment was passed (National Science Board,
2000), limiting U.S. Department of Defense (DoD) investment in fundamental research. Particularly
in the post—Cold War era, DoD has increasingly relied on contractors; and, in recent years, new
technology pipelines have increasingly flowed from commercial industry to the military.” Supply chains
and financial markets have also become more global in recent decades, introducing an additional
complication to the task of developing and procuring military capabilities: how to ensure a new
capability provides an asymmetric advantage rather than a vulnerability through supply chain
dependency on a potential adversary.

2 A recent acoustic flight test conducted by NASA on Joby Aviation's eV TOL aircraft registered below 65 dBA at a distance of

100 m, which is consistent with the noise signature of a normal conversation and less than, for example, a vacuum cleaner, at

75 dBA (Boyer, 2022).

3 Now-defunct Kittyhawk claimed to have made over 25,000 test flights with its ultralight Flyer prototypes (Korosec, 2022).
Wisk also claims to have made over 1,000 test flights (Wisk Aero, 2020). Beta and Archer have each conducted a small number
of test flights in hover. International companies have also begun flight testing, including Lilium (Germany), Volocopter
(Germany), and eHang (Japan) (Gettinger, 2022b).

# Unless otherwise indicated, all amounts are in U.S. dollars.

> For instance, according to data since 1953 from the U.S. Bureau of Economic Analysis and the National Science Foundation,
the federal government’s share of total U.S. research and development spending peaked at a ten-year average of 65 percent from
1957 to 1966. Since then, it has declined to a ten-year average of just over 25 percent from 2010 to 2019. Over the same period,
the U.S. business sector’s share of total U.S. research and development spending increased from an average of just under 33
percent to an average of 67 percent for the same ten-year periods (National Science Foundation, 2021).



History, however, may be reversing course. In 2015, DoD launched the Defense Innovation Unit
Experimental (now the Defense Innovation Unit [DIU]) to facilitate adoption of, and investment in,
emerging commercial technologies with military applications. In 2017, the USAF founded AFWERX
to accelerate technology transition from the private sector to the USAF through partnerships with
companies developing innovative technologies with potential military applications. Recent U.S.
national security guidance has focused on technological superiority and leadership via investing in
cutting-edge technologies (Biden, 2021). This may seem natural, given the realities of technology
development being dominated by commercial markets, but it has also forced DoD to work closely
with U.S. commercial entities to promote emerging commercial technologies and to shape, acquire,
field, and sustain commercially developed technology for its own benefit.

eVTOL aircraft represent a potential example of an emerging technology that the services could
employ for military-specific missions. Recognizing this possibility, AFWERX issued a Request for
Information on eVTOL technology to the fledgling industry in December 2019 to better understand
the state of eVTOL development at the time (Swartz, 2021a). The Air Force Research Laboratory
(AFRL) launched the Agility Prime Program within AFWERX just a few months later (April 2020)
to “[e]xpand technology transition paths to accelerate emerging dual-use transformative vertical lift
markets by leveraging government resources for rapid and affordable fielding” (AFWERX, undated).
Will Roper, Chief Scientist of the USAF at the time, was a big proponent of Agility Prime, heavily
motivated by Chinese domination of small unmanned aircraft systems (sUASs). Dr. Roper did not
want to see the United States pushed out of the eVTOL space.® Agility Prime was thus tasked with
supporting the development of eVTOL technology within the United States and accelerating its
transition to USAF operational use (see e.g., Hitchens, 2020b; Hitchens, 2020e). Today, this new
model is the prime model,” and Agility Prime was the first instantiation of it. A newer program, Orbital
Prime, launched to reinvigorate the on-orbit servicing, assembly, and manufacturing market
(SpaceWERX, undated). Figure 1.1 is a more detailed timeline of eV TOL development, emphasizing
USAF and NASA engagement with the industry.

As a part of the Agility Prime effort, AFRL asked RAND Project AIR FORCE to provide an
assessment of the commercial eVTOL market and the technological status of eVTOL aircraft and
their potential to enhance military missions and to provide recommendations on how Agility Prime
and the USAF should proceed with eVTOL industry engagement. In this report, we focus primarily
on eVTOL—the heart of Agility Prime’s work—although we do consider the increase in performance
that hybrid fuel-electric aircraft could have, noting that these hybrid aircraft are not at the same level
of maturity as eVTOL aircraft and are not options for near-term use. From the outset, policy options
ranged from “do nothing” to “pursue a formal eVTOL acquisition program.”

*We explore whether or not the Chinese domination of the sUAS market is an appropriate cautionary tale for eVTOL in later
chapters of this report.

7 There is an equivalent program, called Space Prime, within SpaceWERX, the innovation arm of the U.S. Space Force.



Figure 1.1. Timeline of U.S.-Based eVTOL Development and USAF and NASA Engagement
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SOURCES: Features information from AFWERKS, undated; AFRL Public Affairs, 2021a; AFRL Public Affairs, 2021b;
Barnstorff, 2010; Cohen, 2021; Guisbond, 2021a; Hawkins, 2021; Head and Ostrower, 2022; Hitchens, 2020a; Hitchens,
2020b; Hitchens, 2020c¢; Hitchens, 2020d; Hitchens, 2020e; Insinna, 2021; Kolodny and Josephs, 2021; Milligan,
2022a; Milligan, 2022b; Pritchard, 2020; Reed, 2022a; Reed, 2022b; Reichmann, 2021; Swartz, 2021a; Swartz, 2021b;
Trick, 2020; and “USAF Initiative Agility Prime Demonstrates eVTOL Advances,” 2020.

NOTE: AFSOC = Air Force Special Operations Command; AP = Agility Prime; Archer = Archer Aviation; Beta = Beta
Technologies; ICO = Innovative Capabilities Opening; Lift = Lift Aircraft; NYSE = New York Stock Exchange; OSTP =
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We also note that, while it is focused on USAF requirements for eVTOL technology, Agility
Prime took a novel approach that could more generally help the USAF and the Department of the Air
Force (DAF) address a set of challenges it faces with increasing frequency: how to (1) adapt a
commercially developed technology with potential military applications, (2) proactively tackle risks
stemming from globalized and commercially oriented supply chains, and (3) navigate the adoption of
the technology by the warfighter. The Agility Prime legacy may therefore very well outlast its mission
of facilitating USAF eVTOL adoption.



Research Approach

Figure 1.2 provides an overview of our approach. The blue boxes represent research tasks we
executed; the green boxes represent an analytic activity; and the pink boxes contain data inputs for the
tasks. As can be seen, we used a varied set of methods, ranging from purely qualitative, to purely
quantitative, to mixed. We leveraged policy and literature reviews, discussions with key stakeholders
and subject-matter experts (SMEs), quantitative and qualitative modeling, and case studies. Following
this flow chart, we briefly describe how we approached each task. Full methodological details are
provided in the subsequent chapters and in the appendixes in this report.

Figure 1.2. Overview of Project Approach
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NOTE: MATE = multi-attribute tradespace exploration; OECD = Organisation for Economic Co-operation and
Development; OICA = International Organization of Motor Vehicle Manufacturers; SIPRI = Stockholm International
Peace Research Institute; USG = U.S. government;.

Assessing Current and Future eVTOL Technology and Commercial
Business Plans

We started by investigating the current landscape of eVTOL aircraft by answering such questions
as the following: How far can these aircraft travel? How does their cost compare with the costs of
other aircraft or surface vehicles that have comparable performance capabilities? How close are these
aircraft to gaining government approval for commercial flight? What does the current commercial
market look like? We talked to experts and reviewed key references to enumerate the different



business plans and operational rollouts that companies are working toward. We surveyed publicly
available eVTOL company data to delineate which companies are industry leaders, what entities have
funded them and in what magnitude, and the level of maturity of their eVTOL aircraft. Finally, we
modeled how much solid-state lithium ion batteries, hydrogen fuel, or a hybrid-electric propulsion

system could increase aircraft performance parameters.

Modeling eVTOL Aircraft Military Utility to USAF Use Cases

Next, we interviewed a wide range of stakeholders across DoD and the U.S. government and
reviewed prior reports commissioned by Agility Prime to determine a possible set of USAF use cases
for eVTOL aircraft. We then modeled the trade-offs between e VTOL aircraft and other forms of
transportation (helicopter or surface vehicle) for three particularly promising use cases that were of
interest to the USAF operational community: test range mobility, missile field mobility, and agile
combat employment (ACE) operations. The main outcome parameters we considered were time saved
and cost accrued. The details of this model are located in Appendix D. We also investigated the cost
and projected availability of vertiports (including requisite charging infrastructure) for both peacetime
and wartime scenarios.

Evaluating USAF Influence on eVTOL Market

Simultaneously with the military use case and infrastructure modeling task, we used economic
modeling to project the ratio of USAF (and military) demand to total commercial demand for
eVTOL aircraft in 2030 and 2050. The relative scale of the commercial market to an upper bound of
military demand illuminated to us how much influence the USAF could expect to have on eVTOL
companies’ aircraft designs and supply chains. This is important because the USAF may desire
different technical specifications than would naturally be included for commercial use cases. The
USAF might also have more-stringent supply chain security requirements than a typical commercial
consumer. Finally, while commercial entities will care about having reliable access to aircraft, the
USAF must try to ensure it even during the most trying of times, when demand might actually
escalate, such as during a war.

We also modeled what a future eVTOL supply chain might look like geographically for both final
production and for different inputs along the supply chain by drawing an analogy with automotive
supply chains. Finally, we sought to understand whether there is a significant first-mover advantage
for early successful companies in the eVTOL marketplace. If there is, USAF influence on these
companies could have positive downstream effects in terms of inducing aircraft technical specifications
or shaping the supply chain. Furthermore, much of the impetus of Agility Prime and its approach to
the commercial eVTOL market stems from the assumption that there are significant opportunities for
first-mover advantage within the eVTOL market.



Strategizing How the USAF Should Proceed with eVTOL

First, for this task, we proposed a general framework that highlights distinct characteristics across
emerging technology markets that, in turn, affect the USAF's strategic choices. The framework
employs two variables—military value and market sensitivity to military investment—to create four
ideal-type scenarios, with each scenario driving a different strategy for engaging with a commercial
market. Second, we applied this strategic framework to the case of the commercial eVTOL market
specifically for the USAF, assessing the market along both variables. Toward this end, we relied
heavily on our research from the previous two tasks. Market sensitivity to military investment was
directly taken from the work on eV TOL market dynamics and first-mover advantage. Military value
draws on our eVTOL modeling results across all three use cases and is augmented by review of the
historical and theoretical literature focused on technological revolutions in military affairs. Proponents
of Agility Prime have argued that eVTOL technology represents a revolution in aviation that will
fundamentally alter future military operations. We looked to the relevant historical and theoretical
literature to help weigh these claims. From this, we identified a strategy for how the USAF should
engage with the commercial eV TOL market moving forward.

Transition Mechanisms

Given the results of the strategy task, we sought to determine the best routes to transition eVTOL
technology to the USAF. To do this, we studied relevant policy and statute to enumerate all of the
possible routes, which illuminated distinct entry points for eVTOL adoption. We also conducted a
series of case studies to better understand how other commercial technologies have been or are being
successfully transitioned to the warfighter. Each of these case studies mirrors elements of the eVTOL
case and provides valuable lessons for how to succeed along the different technology transition routes.
Finally, we considered different eVTOL purchasing options: outright buying, leasing, or acquiring as a

service.

Strengths and Limitations of This Approach

While we believe our work is methodologically sound and defensible and provides a strong,
relevant set of recommendations, no approach is without its limitations. To this end, we provide
detailed caveats and assumptions throughout the report and provide broad strengths and limitations
of our approach:

e Strengths

— Odur overall approach and the strategic framework we propose that ties together military
utility and market factors are systematic and repeatable and could be used again for other
emerging commercial technologies.

—  Some insights are likely generalizable across commercial technologies—particularly those

related to successful technology-to-warfighters transitions.



— We reviewed many assessments of the future eV TOL market, each of which had its own
strengths, weaknesses, and assumptions. Not relying on one forecast increased our
confidence in market predictions and eVTOL commercial viability.

— We engaged a very wide array of stakeholders (across DoD, the Coast Guard, NASA,
private eV TOL investors, and eVTOL companies). This was key to getting a balanced
assessment of the current state of eVTOL technology and possible use cases for the USAF
and commercially.

— Aninterdisciplinary research team conducted the research, drawing from more than halfa
dozen disciplines including aeronautical science, chemical physics, economics, engineering,
operations research, and political science. This synthesis facilitated a nuanced policy

analysis and helps offset priors of different academic backgrounds.
e Limitations

— Every emerging commercial technology is unique. Many of our models and specific
recommendations are not directly transferable to any other technologies.

—  Staff stakeholders shared their thoughts with us but were not able to share an official,
staff-coordinated position on eVTOL technology.

— Companies and investors have large stakes in the eVTOL industry and try to paint it in as
positive a light as possible. It is not always possible to uncover the entire picture as an
outsider.

— Our access to economic data about the supply chains of other industries was limited.

— The research scope was limited to U.S. eVTOL companies and USAF missions.

Organization of This Report

Chapter 2 describes the state of eVTOL technology today, the commercial business case, and how
capabilities could evolve in the future. Chapter 3 presents our assessment of eVTOL military utility to
the USAF and discusses infrastructure and charging costs and requirements. Chapter 4 contains
economic modeling of USAF versus commercial eV TOL demand and an analysis of future eVTOL
supply chains. Chapter 5 builds on Chapters 2 and 3, contextualizing eV TOL technology historically
and assessing first-mover advantage. It draws on the sum of this analysis and applies the framework
introduced above to identify an eVTOL strategy for Agility Prime. Chapter 6 presents transition
routes for the USAF to adopt commercial technologies and suggests the best options for the USAF
with respect to eVTOL. Chapter 6 also highlights lessons learned from a set of case studies that
should help to optimize transition execution and considers different procurement options. Finally,
Chapter 7 presents a summary of the major findings from the previous chapters and our set of
recommendations to the USAF and to the U.S. government regarding future eVTOL engagement
and policy. Five appendixes provide additional details. Appendix A presents a summary of previous
USAF analysis of eVTOL utility. Appendix B provides a summary of our stakeholder inputs to this
research. Appendix C provides assumptions and calculations used to determine eVTOL and other
platform cost and capability, as well as more information on electric infrastructure requirements.

Appendix D contains methods for calculating eVTOL aircraft utility for our use cases and



supplementary results of these analyses. Appendix E provides additional details of our emerging
technology case studies. Finally, Appendix F imparts further details on transition mechanisms.



Chapter 2

eVTOL Aircraft Today

Throughout this report, we attempt to analyze the role eVTOL aircraft could play for the USAF
and answer the core question: “What should the USAF do with state-of-the-art eVTOL aircraft?” In
this chapter, we start the process by laying out the state of eV TOL technological development, of
eVTOL industry leaders’ business plans, and of other factors that we believe are important to
successful deployment of eVTOL aircraft in a commercial setting. Although eVTOL companies have
come a long way since 2009, when NASA published a video of a conceptual eVTOL, the fact remains
that there are still many dimensions across which these companies must achieve further progress (that
go beyond large-scale production of their aircraft) before people or cargo are going to be flying in
them.

One detail that is important to clarify at the outset is the eVTOL aircraft are a subset of the
broader advanced air mobility (AAM) market.®* While there is no official definition for AAM, the
basic premise is the integration of novel aircraft designs and flight technologies into airspace
operations. Several types of aircraft fall under the AAM umbrella, including small, medium, and large
unmanned aircraft systems (UAS) and medium-altitude long-endurance; high-altitude long-
endurance; conventional electric; electric short-takeoff-and-landing; and, as we have already noted,
eVTOL aircraft. While we focused our research on eVTOL aircraft (and briefly touched on hybrid
VTOL aircraft), the eVTOL market picture can become blurred with bigger AAM data and statistics.

2022 Market Overview and Future Projections

By many accounts, a revenue-generating eV TOL market is on the brink of emerging. Between
2010 and 2020, an estimated total of $4.5 billion was invested in eV TOL companies (Vertical Flight
Society [VES], 2022b). Perhaps even more striking, investment in eV TOL-focused companies went
from $40 million in 2016 (Hader et al., 2020) to around $6 billion in 2021 alone (VFES, 2022a). As we
will discuss in more detail, six eV TOL companies have held initial public offerings (IPOs), and at
least eight companies across the world anticipate launching services that use eVTOL aircraft by 2025.
Here we present a view of the 2022 eVTOL market first by platform design and then by investment
in eVTOL companies.

8 While NASA is commonly associated with space exploration, its predecessor, the National Advisory Committee for
Aeronautics, endowed NASA with a long history of aeronautical expertise. It is in this vein that NASA is an AAM pioneer:
“NASA’s vision for Air Mobility Pathfinders (AMP) is to help emerging aviation markets to safely develop an air transportation
system that moves people and cargo between places previously not served or underserved by aviation—local, regional,
intraregional, urban—using revolutionary new aircraft that are only just now becoming possible” (NASA, undated).

10



Surveying the eVTOL Market by Platform Design

VES, an international nonprofit forum for the exchange of information on vertical flight
technology, maintains a directory of known eVTOL projects (VES, undated-a).” As of January 14,
2022, the VES directory identified “over 590 different electric VTOL concepts from nearly 350
companies and innovators” (VFS, 2022a). We used the data in the VES directory to estimate the
distribution of eVTOL projects by country and entity type. Forty-eight countries spanning the globe
have at least one entity with an eVTOL concept listed on the VES directory. Table 2.1 lists the
number of concepts for the 16 countries offering at least four unique concepts.

Table 2.1. Countries with at Least Four eVTOL
Concepts Listed in the Vertical Flight Society Directory

Country Number of Concepts
United States 123
Great Britain 23
Germany 19
China 18
Canada 16
Russia 14
Japan 1
France il
India 8
ltaly 6
Australia 6
Turkey 5
South Africa 4
South Korea 4
Austria 4
Israel 4

SOURCE: RAND analysis of data provided by
VFS.

Thirty-seven percent of all listed entities are located in the United States. Approximately 87
percent of entities worldwide are for-profit, with the rest split about equally between academic and
government entities. Just over one-half of worldwide entities were established specifically for the
purpose of advancing eV TOL-related technologies or concepts. The rapid proliferation of eVTOL
technology by companies worldwide is a promising sign for the future eV TOL market.

A weakness of these data is that they do not provide details about the underlying engineering or
aircraft designs for each project. Our general assessment of eV TOL companies’ intent (based on

public claims, our interactions with certain firms, and our discussions with major eV TOL investors) is

% VES considers the directory authoritative (VFS, 2022b). It is located at VFS (undated-b).
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that their aircraft will be quiet, nonpolluting, likely human-piloted in the near term but eventually

autonomous.

Surveying eVTOL Market by Investment Data

Next, we looked at the best-financed and most-developed firms in the space—a mix of existing
firms and startups dedicated to eVTOL technology. The information cited here was accurate as of
this writing. Many of the world’s largest companies in the aerospace and technology sectors have
invested in either internal or external eVTOL endeavors. A multitude of large aerospace and motor
vehicle companies have invested heavily in the eVTOL space, including Boeing, Airbus, Lockheed
Martin, Toyota, and Hyundai (Head, 2021a; Leonardo, 2021); major technology companies, such as
Amazon, Google, Apple, and Facebook, have also thrown dollars at the industry (Doo et al,, 2021).
As already discussed, Uber played a major role in spearheading industry development early on
through its Uber Elevate initiative in 2016 (Hirschberg, 2021).

Where is this investment going? eVTOL-focused startups that are actually building aircraft have
attracted a significant amount of capital. Table 2.2 lists the six eV TOL aircraft companies that went
public between 2019 and 2022, for a total valuation at offering exceeding $14.5 billion. Additionally,
some leading firms were private, such as Vermont-based Beta Technologies, which was valued at $2.4
billion in 2022 and had partnered with UPS and Amazon (Ohnsman, 2022). The German company
Volocopter (whose eVTOL prototypes date back to 2011), had recently finished a massive funding
round leading to a valuation of $1.87 billion and major partnerships with Honeywell, Mercedes-Benz,
and Volvo owner Geely Holdings (Lunden, 2022).

Table 2.2. eVTOL Startups That Have Held Initial Public
Offerings as of the Time of Writing

Approximate

Value at IPO
Company Headquarters IPO Date ($B)
Archer Aviation United States September 2021 17
EHang Holdings Limited China December 2019 0.7
Eve Air Mobility Brazil May 2022 2.4
Joby Aviation United States August 2021 45
Lilium Air Mobility Germany September 2021 33
Vertical Aerospace United Kingdom December 2021 2.2

SOURCES: Archer Aviation (Mozée, 2021); EHang Holdings Limited (Renaissance Capital,
2019); Eve Air Mobility (“Eve Urban Air Mobility, LLC Completed the Acquisition of Zanite
...,7 2022); Joby Aviation (Alamalhodaei, 2021b); Lilium Air Mobility (Quell Acquisition Corp.,
2021); Vertical Aerospace (Manthey, 2021).

NOTE: EHang also sells a UAS, but its primary objective is to supply passenger eVTOL
platforms.
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No firm had substantial revenue-generating eV TOL operations, and a majority of industry
executives were anticipating operational rollout somewhere between 2025 and 2030 (Hader et al,,
2020). At least eight eVTOL suppliers anticipated commencing operations by 2026."

There has also been substantial investment in other technologies and services needed to
commercialize eV TOL aircraft. Consulting firm Roland Berger delineates the “eVTOL ecosystem”
into five distinct elements (Hader et al., 2020):

aircraft
maintenance, repair, and overhaul
flight operations

B

building and maintenance, repair, and overhaul of physical infrastructure, including for takeoff
and landing, charging, and passenger hubs

5. digital infrastructure for air traffic control, navigation, and customer ticketing.

Existing and new companies have entered each of these ecosystem elements.' For example, Raytheon
and Harris are targeting eV TOL air traffic control technology (Jonas et al., 2018), and helicopter and
charter jet booking company Blade Urban Air Mobility is partnering with Beta (Blade Urban Air
Mobility, Inc., 2021), Wisk (Alamalhodaei, 2021a), and Eve (“Blade to Use eVTOL Air Taxis from
Eve...,”2021) to lay the groundwork for eVTOL operations (Head, 2020).

Despite all this investment in eV TOL companies and eV TOL adjacent technologies, analysts
anticipate that global eV TOL markets will take decades to scale (Jonas et al,, 2021). There are many
reasons for this. The National Academies of Sciences national blueprint for AAM identifies
numerous developments to air systems management technology and infrastructure needed to expand
operations beyond the small-scale initial rollouts (National Academies of Sciences, Engineering, and
Medicine, 2020). Analysts also anticipate a dramatic consolidation in the number of firms in the
marketplace as certain eVTOL aircraft models start to outperform and/or outsell others and as
successful operations, or lack thereof, catapult some companies to victory or failure (Hader et al.,

2020).

Commercial Business Cases

As companies developing eVTOL aircraft have matured and attempted to distinguish themselves
from one another, operational rollout plans have become further refined. Dominant use cases can be
broadly categorized into (1) passenger and (2) cargo movement. Where, exactly, people will fly,
whether or not aircraft will be shared by passengers who do not know each other, and the type of the

10 EHang anticipated commencing commercial operations in China by the end of 2022 (Patterson, 2022a). Eve anticipates
commencing commercial operations in 2026 (Araujo, 2022). Six firms anticipate commencing commercial operations in 2024:
Archer (Garsten, 2021), Beta (Ohnsman, 2022), Joby (Shepardson, 2022), Lilium (Quell Acquisition Corp., 2021), Vertical
Aerospace (Manthey, 2021), and Volocopter (Lunden, 2022).

1 While many eV TOL makers are highly vertically integrated at this early stage of development, an increasing number of
suppliers are being drawn to the sector. Honeywell, BAE Systems, and Garmin are some of the conventional aerospace suppliers
that have announced agreements with eVTOL developers (Gettinger, 2023). Startups focused on enabling technologies are also
working in the eVTOL space; for example, Daedalean, a Swiss company, is developing autonomy systems based on computer

vision (Whittle, 2020).
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cargo carried all depend on the vision of the eVTOL company. In this section, we highlight publicly
stated business plans of eVTOL industry leaders that were current as of this writing,

Passenger Movement

Going forward, urban mobility remains a core business case for eVTOL companies in the United
States and abroad. Joby Aviation says its S4 aircraft will provide “electric aerial ride sharing,” primarily
in urban areas, such as Los Angeles and New York City (Joby Aviation, undated). This is quite similar
to the Uber Elevate vision published in 2016."* Archer Aviation’s stated mission is to “advance the
benefits of sustainable air mobility” (Archer, 2021a). In 2021, United Airlines announced a $1 billion
deal to purchase a fleet of Archer aircraft (pending FAA certification and realized aircraft
performance) for its vision of “using zero-emission air taxis to ferry passengers on short flights over
gridlocked cities to hub airports” (Patterson, 2022b). Wisk Aero describes itself as “an urban air
mobility company dedicated to delivering safe, everyday flight for everyone. Wisk’s self-flying, eVTOL
... air taxi, will make it possible for passengers to skip the traffic and get to their destination faster”

(Wisk Aero, undated).

Cargo Movement

Beta Aviation is planning to use its aircraft to deliver time-sensitive cargo, including human
organs. United Parcel Service (UPS) agreed to purchase of up to 150 Beta Alia aircraft. Beta’'s CEO
was quoted as saying that

UPS plans to use the piloted eVTOL aircraft to transport time-sensitive deliveries
that would otherwise fly on small conventional airplanes. Rather than relying on
airports, the fully electric aircraft will take off and land on property at UPS facilities,
creating a “micro air feeder network without the noise or operating emissions of

traditional aircraft” (Head, 2021a).

Another Beta investor, United Therapeutics, plans to use the Alia to move lifesaving organs (Head,
2021b). Elroy Air has also developed a VT OL aircraft it calls Chaparral to “carry cargo in lightweight,
aerodynamic pods which are preloaded by ground personnel and picked up autonomously by the
aircraft before takeoff. The result is a conveyor belt through the sky for high-throughput express
shipping” (Elroy Air, 2022). In 2022, FedEx Express announced a partnership with Elroy to “develop
plans to test Elroy Air’s Chaparral autonomous air cargo system within the company’s middle-mile

logistics operations, moving shipments between sortation locations” (FedEx, 2022).

2022 eVTOL Aircraft Capabilities and Limitations

Investors and technologists are obviously excited by the prospects of eVTOL technology and how
it will transform urban mobility and logistics. But can today’s state-of-the-art eVTOL aircraft execute

12 This is hardly surprising: Joby Aviation bought Uber Elevate in late 2020.
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the vision people have for them? How far can one expect to fly in them, how much will it cost, and
how many family members can come along?

In 2022, battery-powered eVTOL aircraft could transport about four people, or approximately
1,500 Ibs of cargo taking up 200 ft> of space, between 100 and 200 nmi at 100 to 150 knots on a single
charge. Recharging took about one hour. eVTOL aircraft are significantly quieter than traditional
helicopters but can sustain hovering flight only for a few minutes without draining their batteries.
Thus, eVTOL aircraft are less capable than traditional turbine-powered helicopters in terms of range,
capacity, and hover, but both eVTOL companies and independent analyses project that they will be
significantly cheaper to buy, operate, and sustain than helicopters (e.g., Jonas et al., 2021; Joby
Aviation, 2021; Booz Allen Hamilton, 2018; Mihara et al,, 2021)."” In general, batteries do not
perform well in extremely cold environments. Current battery-powered electric cars lose range in cold
conditions, and it is likely that eV TOL aircraft will also suffer from this limitation. At present, the
magnitude of this effect remains to be determined. Finally, it should be noted that, unlike turbine or
piston-powered engines, electric motors do not lose power with increasing altitude (and decreasing air
density); however, as air density decreases, the air mass available to assist with battery cooling goes
down, necessitating additional cooling. Table 2.3 compares basic performance and cost parameters
across a range of platforms, including a generic eVTOL, based on analysis from Agility Prime’s

Lifecycle Cost Model (see Appendix C for details).

13 For example, Booz Allen Hamilton (2018) projected the price per passenger-mile of a five-seat eV TOL aircraft to be about
33 percent higher than luxury ridesharing, while Jonas et al. (2021) states that many eVTOL companies “are targeting prices
comparable to an Uber Black ride” (p. 19).
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Table 2.3. Summary of Various Transport Aircraft, Helicopters, a Generic eVTOL, and a Ford F-150 Truck

Turn 0&S Cost per
Range Speed Time Acquisition  Cost per Hour Passenger Seat
Vehicle Type Passengers (nmi) (knots) (min) Price ($M) ($) Cost per nmi ($) per nmi ($)
C-17A Turbofan 102 3,500 450 165 361.0 17,247 38.33 0.38
C-130J-30 Turboprop 128 2,500 320 120 89.9 6,691 209 0.16
HH-60G Turbine 12 504 159 25 521 11,266 70.86 5.90
helicopter
UH-IN Turbine 10 290 95 25 5.5 5,750 60.53 6.05
helicopter
H-130 Turbine 7 327 128 20 33 4,752 3713 5.30
helicopter
MD-500E Turbine 4 290 135 20 1.9 1,009 7.47 1.87
helicopter
R-66 Turbine 4 350 10 20 0.9 1,100 10.00 2.50
helicopter
Generic eVTOL Electric 4 100 low 145 10 1.3 low 1,000 low 9.56 low 2.39 low
VTOL 200 high 6.1 high 1,500 high 12.64 high 3.41 high
Ford F-150 Gas V-6 5 625 39 5 0.05 26 0.67 0.14
truck

SOURCES: See Appendix C.
NOTE: Operations and sustainment (O&S).
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We used these parameters to ascertain the cost-competitiveness of moving people via a generic
eVTOL aircraft as opposed to other vehicles. Figure 2.1 shows the cost to move a passenger 50 nmi as
a function of the total number of passengers moved for all the vehicles in Table 2.3 as compared with
the C-130J-30 (we chose this as the throughput baseline because it is the most common mobility
aircraft that the USAF employs)."* This type of comparison is important; proponents of eVTOL
technology highlight the low cost of moving people.

To calculate the curves in Figure 2.1, we first determined how many of each aircraft or ground
vehicle would be needed to match the theoretical daily passenger throughput of the C-130J-30 (1,318
passengers per 24 hours).”” We then calculated the cost to fly or drive this number of vehicles, divided
by the number of passengers.

Of course, there is no such thing as a generic eVTOL, and estimates of what it will cost to buy one
vary greatly. To account for this variability, we show results for a low- ($1.3 million) and high-end
estimate ($6.14 million) of eVTOL purchase price in 2023-year dollars. The table note supplies other
details relevant to the assumptions underlying the graph.

Figure 2.1. Cost to Move a Passenger 50 nmi as a Function of Total Passengers Moved
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NOTE: We assumed that aircraft fly at their nominal cruise speed for 50 nmi between origin and destination and that
they fly out fully loaded and return empty. In the case of the truck, we multiplied the straight-line distance by a factor of
1.3 to account for the fact that road networks do not travel in straight lines. Appendix D contains model details and
assumptions about time required for fueling or recharging, loading and unloading passengers, and checklists. It also
includes our cost model, which allowed us to estimate how much it costs to purchase, operate, and sustain these
vehicles.

4 Appendix C provides the data for 25 nmi, 100 nmi, and 250 nmi.
15 The legend of Figure 2.1 contains the number of each aircraft required to match C-130J-30 throughput.
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The eVTOL performance data we collected answer the original question posed in this section: the
generation of eVTOL aircraft we studied do appear to be capable enough to provide urban mobility,
some short-distance intercity travel, and short-hop flights aimed at logistics of relatively lightweight
cargo. However, our analysis suggests that, to make a compelling economic case for their aircraft,
eVTOL companies must bring the purchase price down. How cheap does eVTOL travel need to be
per nautical mile? It probably does not need to be as cheap as going by car because flying confers
significant time savings but would certainly be more economical than helicopters, which are known to

be prohibitively expensive for large-scale transportation services.

Other Factors for Commercial Success

As we have already suggested, eVTOL company commercial viability ultimately depends on more
than being well capitalized or having mature technology ready to execute business plans. This is not a
comprehensive discussion of additional factors that must succeed for eVTOL aircraft to become
significant players in the urban mobility market, but we expound on three particularly important ones
in this section: takeoff, landing, and charging infrastructure; aircraft certification and safety; and pilot
training.

Infrastructure Requirements

All eVTOL companies, irrespective of business plan or precise range or cruise speed, will require
takeoff and landing areas, still often referred to as vertiports, as in Uber Elevates’ original report. At
least some of these vertiports will need battery charging capabilities. Several of the companies we
spoke with had already started building proto-infrastructure networks for their future operations or
have well laid-out plans to do so. No company was fully ready to launch. Here, we present estimates
for cost and space to build vertiports and charging stations and the electric grid requirements.

Table 2.4 shows construction costs for some different vertiports as estimated by Taylor, Saldanli,
and Park (2021).

Table 2.4. Estimated Vertiport Construction Costs

Estimated
Area Construction Cost
Vertiport Design Description (acres) ($000s, 2021)
Single multifunction pad 0.66 350
One landing/takeoff pad, two staging areas 1.75 750
One landing/takeoff pad, three staging areas 1.75 950
One landing pad, one takeoff pad, one staging area 2.90 1,150
One landing pad, one takeoff pad, two staging areas 2.90 1,600

SOURCE: Information extracted from Taylor, Saldanli, and Park (2021).
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Pure eVTOL aircraft will also require an electrical power source to charge their batteries. A
representative pure eV TOL might have 150 kWh of battery capacity. However, several AAM
manufacturers are either building or considering building a hybrid eV TOL aircraft, which would
carry an onboard generator and burn fuel to charge its own batteries and power its electric motors.
Such a hybrid eVTOL would be fueled in the same way as traditional aircraft and would require a
source of aviation fuel.

As with electric ground vehicles, eVTOL aircraft can be charged at faster or slower rates
depending on the power capacity of the charger. Table 2.5 shows cost estimates for different charger
levels (Redwood Coast Energy Authority, 2018; McDonald, 2021). The most powerful chargers that
are currently commercially available have 360 kW capacity (Kane, 2022). CharIN is currently
developing a Megawatt Charging System (MCS) standard that will theoretically deliver megawatt
charging levels to large electric trucks and eVTOL aircraft (Blain, 2021a). To take full advantage of
MCS chargers, eVTOL battery systems will have to be designed to accommodate higher charging
currents and have adequate cooling. However, the MCS is intended to support a wide range of
possible vehicle systems, by operating at voltages from 500 VDC to 1250 VDC (CharIN, 2022).

Table 2.5. Cost Estimates for Electric Charger Levels

Power Typical Cost  Typical Cost

Charger Electric Grid Capacity of Charger to Install Time to Fully Charge
Type Connection Required (kW) $) $) Representative eVTOL
Level 1 Any 120 V outlet 1.5-2.0 200 0] 75-100 hrs
Level 2 208 V three-phase or 19 500-8,000 600-13,000 8 hrs

240V single-phase
Level 3° 480 V three-phase 50 30,000 27,500 3 hrs

480 V three-phase 100 55,000 50,000 90 min

480 V three-phase 180 90,000 105,000 50 min

480 V three-phase 350 160,000 160,000 26 min

SOURCES: Redwood Coast Energy Authority (2018); McDonald (2021).
@ Direct current fast charging.

We analyzed the reported construction costs of 30 electric charging stations that are part of the
Nevada Electric Highway and concluded from that data that $240,000 is a typical cost for a charging
station with a total 300 kW power capacity, with the cost of additional power capacity being about
$365/kW on average. (For the data and analysis, see Appendix C.)

Finally, these numbers are roughly consistent with costs that Tesla reported in the past when
building out its Supercharger network (Tesla Motors, Inc., 2016) and are also consistent with
conversations we had with eVTOL companies.

Table 2.6 shows the combined estimates of charging costs along with the architectural costs of the
vertiport, assuming that one 300 kW charger is supplied for each eVTOL staging area.
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Table 2.6. Estimated Vertiport and Charger Construction Costs

Cost for 300 kW

Vertiport Chargers at Each
Construction Cost Staging Area Total Cost
Vertiport Design Description ($000s) ($000s) ($000s)
Single multifunction pad 350 240 590
One landing/takeoff pad, two staging areas 750 480 1,230
One landing/takeoff pad, three staging areas 950 720 1,670
One landing pad, one takeoff pad, one staging area 1,150 240 1,390
One landing pad, one takeoff pad, two staging areas 1,600 480 2,080

SOURCES: Taylor, Saldanli, and Park (2021); Nevada Governor’s Office of Energy (2021).

Existing heliports in some cities might allow limited testing of eV TOL aircraft use cases if the
heliports are usefully located and can hold a charging station. However, eVTOL company success will
ultimately depend on having access to sufficient locations for landing and takeoff pads to support their
business plans, which will not be cheap. Additional costs not included in these figures are those due to

yearly maintenance and sustainment.

Safety, Aircraft Certifications, Air Traffic Control, and Other
Commercialization Factors

Regulatory requirements for aviation are major drivers of the timing of operational rollout: “One
of the greatest challenges facing the eVTOL industry is that the regulations for certifying these novel
aircraft do not yet exist, and neither do the airspace management paradigms to enable operations at
scale” (Head, 2021b). Several firms are in the process of obtaining certification from the relevant
regulatory authorities in the United States, European Union, the United Kingdom, and China, among
others. Industry analysts and eV TOL suppliers alike anticipate rolling out operations in selected
urban environments first, for both intracity on-demand transport and airport shuttle, with subsequent
rollout to intercity and other environments (Hader et al., 2020).

Unsurprisingly, American eVTOL companies are currently laser focused on achieving FAA
certifications (e.g., type certification, production certification, airworthiness certification, air carrier
certification) for their aircraft.'® Without these, the companies’ commercial business plans deteriorate.
Certification ultimately lies in proof that distributed electric propulsion is safe and that eVTOL
aircraft can avoid collisions with each other and other aircraft types. In May 2022 the FAA updated
its plans to certify eV TOL aircraft, now classifying them as powered-lift aircraft under the “special
class” process in 14 Code of Federal Regulations (CFR) 21.17(b), while using 14 CFR Part 23’s small

16 An FAA production certificate “is an approval . . . to manufacture duplicate products under an FAA-approved type design”
and a “Parts Manufacture Approval” is “a combined design and production approval for modification and replacement articles

[that] allows a manufacturer to produce and sell these articles for installation on type certificated products” (FAA, 2016; FAA,
2020).
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airplane regulations for performance-based airworthiness standards. In addition to obtaining FAA
certification, eV TOL companies will need to convince the public, insurers, and other implementation
partners that eVTOL aircraft are sufficiently safe. What is safe enough? Uber Elevate originally
postulated that the aircraft must be twice as safe as cars on a fatalities-per-passenger-mile basis
(Holden and Goel, 2016). However, only time will tell what accident rate the market will bear.

Pilot Training

Finally, at least in the short term, eVTOL aircraft adoption will also increase the demand on
pilots. (In the long term, as eVTOL aircraft move toward autonomous flight, this demand should
decrease.) The FAA recently announced that eVTOL aircraft will be classified as powered-lift
category aircraft (Reed, 2022b). According to 14 CFR 61.129(e), “For a powered-lift rating, except as
provided in paragraph (i) of this section, a person who applies for a commercial pilot certificate with a
powered-lift category rating must log at least 250 hours of flight time as a pilot.” Facile transition
pathways for people who already have general aviation pilot licenses to acquire eVTOL licenses could
also help lessen the pilot burden, at least at first. e VTOL companies will have to facilitate pilot
training if they are going to scale operations as imagined, both in the United States and worldwide.

Future eVTOL Capabilities

eVTOL, like all technologies, will not remain static. In fact, eVTOL companies we spoke with
discussed directing their efforts and investment toward improving aircraft capabilities. While these
companies did not discuss developing new battery systems themselves, they will certainly use future
batteries,'” which should improve eVTOL performance attributes by increasing hover time, range, and
payload.

To estimate how future battery improvements would improve the performance envelope of
eVTOL aircraft, we adapted the eVTOL performance model in Sripad and Viswanathan (2021).
This model calculates the power and energy demands on the battery system of an eVTOL to perform
a nominal flight, given publicly stated performance specifications or estimated aerodynamic
parameters for various eV TOL designs. Table 2.7 lists the estimated performance parameters for
some of the eVTOL designs. The parameter sets were intended to correspond with certain actual
eVTOL aircraft, but to avoid suggesting that every parameter estimate is entirely accurate, we have
avoided labeling the design points with actual eVTOL names. Sripad and Viswanathan (2021)
assumed that between 45 percent and 55 percent of the total takeoff mass of the aircraft could be
available for either payload or battery energy storage.

17 A Reuters analysis (Lienert and Bellon, 2021) found that global automakers plan to invest over $500 billion in battery-
powered vehicle technology by 2030, including recent investments in next-generation batteries that are solid state, semisolid state,

or lithium-metal (Blois, 2022).
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Table 2.7. Estimated Performance Characteristics for eVTOL Aircraft

eVTOL Design A B (o8 D
Maximum takeoff weight (Ibs) 4,800 6,999 3,318 869
Nominal range (nmi) 130 150 with 1,200-Ib payload 52 86
250 with 600-Ib payload
Lift-to-drag ratio 18 18 12 17
Disk loading (Ibs/ft?) 9.4 13.2 15.3 9.2
Area loading (Ibs/ft?) 18.4 14.3 12.3 12.3
Cbo minimum drag coefficient 0.015 0.015 0.015 0.012

SOURCES: Information extracted from Sripad and Viswanathan (2021) and Sripad (2021).

Figures 2.2 and 2.3 illustrate the trade-offs between payload and range for the eVTOL designs in
Table 2.7 using the Sripad and Viswanathan model. These calculations assume that the eVTOL
chooses its cruise speed to maximize range. For these figures, we supposed that batteries could be
freely added to or subtracted from the aircraft in exchange for payload. We also supposed that the
eVTOL has one 220-1Ib pilot who is not included in payload. Figure 2.2 shows the range-payload
diagram assuming battery packs with specific energy of 230 Wh/kg and specific power of 1 kW /kg,
roughly corresponding to the limit of existing lithium-ion battery technology. The battery pack must
be able to supply enough power for vertical takeoff; for short-range flights, this is the dominant
requirement determining the mass of the battery pack; therefore, the mass of the battery pack (and,
indirectly, the mass of the payload) is constant for ranges under about 120 nmi. If longer flights are
intended, more batteries are needed to support the cruise portion of the flight, and the achievable
payload decreases.

Figure 2.3 shows the same performance calculations, with the change that lithium-ion battery
packs (230 Wh/kg, 1 kW/kg) are replaced with more-advanced batteries providing 400 Wh/kg and 2
kW /kg, which are projected to be possible using solid lithium-metal technology (QuantumScape,
2022). If batteries of this energy density become practical and available for use in eVTOL applications
and if the eVTOL designs otherwise remained unchanged, the larger eVTOL aircraft could deliver
1,000-Ib payloads to a range of 300 nmi or, if packed with extra batteries, could deliver a small payload
more than 400 nmi. For comparison, dashed lines in the figure indicate the state-of-the-art
performance regions that were previously plotted in Figure 2.2.

Figure 2.4 repeats these performance calculations with the eVTOL battery replaced by a future
hydrogen fuel cell system. The company HyPoint, for example, claims to have developed a prototype
turbo air-cooled fuel cell system in the lab, such that the fuel cell system would have a specific power of
1,500 W/kg, while the hydrogen storage tanks would have an energy density of 1,000 Wh/kg
(HyPoint, 2021). If realized, the hydrogen system would enable modestly greater payloads at short
ranges but would have substantially greater range than current batteries.
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Figure 2.2. eVTOL Range and Payload Trade-Offs Using State-of-the-Art Battery Technology

3,500

W eVTOLA
> M evTOL B
2,500 Payload limited b [ eviOLC
’ g ’ M evTOLD

battery power

® -
% 2,000 required for takeoff
ko) o Results theoretically
8 Payload limited by correspond to real
% 1,500 bat{gry power eVTOL aircraft, but are
all required for range based on literature

1,000 claims only

500
O 1
0 50 100 150 200 250 300 350 400 450 500

Range (nmi)
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Figure 2.3. eVTOL Range and Payload Trade-Offs Using Future Battery Technology
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SOURCE: RAND analysis using the model in Sripad and Viswanathan (2021).

NOTE: Solid regions indicate the range-payload trade-off using projected future battery technology. Dashed lines indicate the range-payload
trade-off using current state-of-the-art battery technology (as in Figure 2.2).
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Figure 2.4. Future Hydrogen Fuel Cell Technology Compared with Current Battery Technology
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SOURCE: RAND analysis using the model in Sripad and Viswanathan (2021).

NOTE: Hydrogen tanks have significant volume. Solid regions indicate the range-payload trade-off using projected future hydrogen fuel cell
technology. Dashed lines indicate the range-payload trade-off using current state-of-the-art battery technology (as in Figure 2.2).

Figure 2.5 compares the hydrogen system with the posited future batteries previously plotted in
Figure 2.3. The batteries are expected to be superior to the hydrogen system for flights up to about
250 nmi. However, the hydrogen fuel cell system would enable longer-range flights. Note that these
calculations reflect only the weight of payloads and not their volume—hydrogen storage tanks will be
relatively bulky for the energy stored and, therefore, would consume more of the available interior
space of the eVTOL aircraft.

For the foreseeable future, standard aviation fuel will continue to have much higher specific energy
than electric batteries and will require much lighter fuel tanks to contain than hydrogen. Therefore, a
hybrid design that relies on aviation fuel for long-range energy can be expected to have greater total
range while retaining many of the advantages of an electric system. Figure 2.6 shows the expected
range and payload graph for an eVTOL aircraft using current state-of-the-art lithium-ion batteries
(230 Wh/kg, 1 kW/kg) to provide electric power during vertical lift, and a generator with a specific
power of 1.5 kW/kg burning aviation fuel to provide power during cruise. To be conservative, we
assumed that the generator is only 25 percent efficient. Aviation fuel has a specific energy of 12
kWh/kg, and we assumed a tankage weight factor of 10 percent. As seen in Figure 2.6, this solution
enables dramatically greater ranges than the other technologies considered (although it does not have
zero emissions at altitude, so it is arguably less green). Several eV TOL companies that we interviewed
are either pursuing or considering pursuing hybrid designs of this type.

24



Figure 2.5. Future Hydrogen Fuel Cell Technology Compared with Projected Future Battery
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SOURCE: RAND analysis using the model in Sripad and Viswanathan (2021).

NOTE: Hydrogen tanks have significant volume. Solid regions indicate the range-payload trade-off using projected future hydrogen fuel cell
technology. Dashed lines indicate the range-payload trade-off using projected future battery technology (as in Figure 2.3).

Figure 2.6. Range and Payload Trade-Offs Using Hybrid-Electric Technology with Aviation Fuel
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SOURCE: RAND analysis using the model in Sripad and Viswanathan (2021).

NOTE: Solid regions indicate the range-payload trade-off using current state-of-the-art battery technology plus a 25-percent efficient
generator using aviation fuel. Dashed lines indicate the range-payload trade-off using current state-of-the-art battery technology (as in
Figure 2.2).
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eVTOL Technology Prospects

In sum, eVTOL companies in 2022 were well capitalized and diverse and were supported by a
remarkable range of some of the most successful companies in the world. The aircraft could already
carry out a set of operations that appear potentially commercially viable, and performance parameters
should improve over time. Many other firms—both startups and mature entities—are also entering
the space to provide eV TOL-adjacent capabilities, such as future eVTOL air traffic control. How,
precisely, the structure of the industry shakes out is currently unknowable, but, by all appearances, the
emergence of eV TOL-driven urban mobility is primed to become a global phenomenon.
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Chapter 3

eVTOL Aircraft Utility for the USAF

In this chapter, we present our evaluation of eVTOL military utility for the USAF for three use
cases—test range transport, missile range transport, and agile combat employment (ACE)—in
notional Poland and Philippine scenarios. These use cases were selected based on interviews across a
very broad range of stakeholders (see Appendix B) and past work that sought to identify USAF
applications for eVTOL aircraft. Probably unsurprisingly, the use cases that seemed most compelling
are rooted in mobility and do not require aircraft performance that exceeds eVTOL aircraft
capabilities today or such features as weapons, stealth, and specialized reconnaissance sensors. We also

consider the costs and availability of vertiports and charging infrastructure for USAF eVTOL use.

Past Work

We are not the first researchers to assess the potential value of eVTOL aircraft to the USAF. The
USAF has engaged directly with eVTOL companies through AFWERX and, later, the Agility Prime
program, providing business plans; a tremendous amount of engineering design; and, eventually, test
flight data. Appendix A provides more details on early USAF engagement with the eVTOL industry
to comprehensively assess the state-of-the-art of eVTOL technology. Agility Prime also contracted
Perduco and LinQuest to conduct a detailed evaluation of the military utility of a variety of AAM
aircraft, including eV TOL aircraft, which led to the development of a detailed MATE. Additionally, a
group of internal experts from around the USAF formed a commission to explore the mission areas
for which eVTOL aircraft would most likely show promise. Appendix A also includes summaries of
the MATE results and commission report. The MATE work is technical and focused on capturing
the current state of the art with respect to eVTOL aircraft. The authors of the commission report
took a more subjective approach, surveying SMEs to identify USAF mission areas in which eVTOL
aircraft might be useful. Our approach was to develop a few operational concepts (derived from talking
to a large range of potential stakeholders) and analyze eVTOL performance within each and to assess
the broader economic market and potential USAF acquisition strategies.

Our Findings of Operational Community Perspectives on eVTOL
Aircraft

As part of this project, we also interviewed many potential eV TOL aircraft stakeholders within
the USAF and joint community (see Appendix B for a complete list). These discussions revealed
various possible missions and use cases for eV TOL aircraft, including personnel recovery, short-range

logistics and resupply, and last-mile tactical delivery. However, we were largely told that current
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eVTOL capabilities do not align with capability gaps,'® although there was certainly interest in

observing how the technology evolves and matures. There was general consensus that increased range,
g 34 g g

payload, and hover times would make eV TOL aircraft more useful. There was also widespread

support for autonomous eV TOL aircraft and a desire to be able to use them in both austere and

contested environments. Appendix B contains more details.

A few use cases, listed in Table 3.1, came up repeatedly in our interviews. We added test and

training range transportation to the list, as inspired by both the commission report and our own ideas.

We found it useful to think about eVTOL aircraft through two lenses: as fast cars and as cheap
helicopters. However, eVTOL aircraft lack other characteristics that the USAF typically values, such

as weapons, stealth, and sensors. We used this general description of eVTOL capabilities to further

narrow down the set of use cases to the ones that appeared promising enough to analyze.

In the next section, we describe how eVTOL aircraft could be used to transport personnel in place

of surface transport at the Nevada Test and Training Range (NTTR) and the intercontinental
ballistic missile (ICBM) field around Malmstrom Air Force Base (AFB). We also assess how eVTOL

aircraft could support notional ACE scenarios.

Table 3.1. Potential USAF eVTOL Aircraft Military Use Cases

Use Case

Our Thoughts

Personnel recovery over land—particularly in
contested environments—enabled by autonomy

Do not analyze. Existing eVTOL aircraft are still human-
piloted, although certain companies intend their first-
generation aircraft to be autonomous. None have
defenses, and hover times are insufficient.

Test and training range transportation

Analyze (see “Surface Transport at the Nevada Test
and Training Range” in this chapter).

Missile field transportation

Analyze (see “Missile Field Support Transportation” in
this chapter).

Operational support airlift (OSA) in ACE

Analyze (see “Agile Combat Employment” in this
chapter).

Medical evacuation, particularly in response to an
airfield attack where the runways are damaged

Emergency medical team transport

On-call logistics—particularly Classes I, V, and IX®

These are specific examples of OSA missions. RAND
investigated these within the context of the ACE
concept of operation (CONOP).

Sensor movement

Do not analyze. eVTOL aircraft could, in theory, take
the place of other vehicles with sensors (e.g., MQ-9);
however, this would require tremendously more range
and hover ability than current models allow. Aircraft
also do not currently carry weapons and are not
stealthy, so not ideal for moving sensors into potentially
hostile areas.

18 Operational stakeholders discussed, for instance, that existing systems meet capability requirements in most cases, but eVTOL
aircraft might be appropriate to consider in the future when legacy systems age out and need replacement.
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Use Case Our Thoughts

Swarming electronic and radar signature presentation Do not analyze. This use case is probably best suited to
sUASs, which are an order of magnitude cheaper, are
being designed to network, and are more expendable.

SOURCES: Interviews with representatives of U.S. European Command (USEUCOM), U.S. Indo-Pacific Command
(USINDOPACOM), Air Force Global Strike Command (AFGSC), Air Combat Command (ACC) Personnel Recovery
Directorate (ACC/PR), Air Force Special Operations Command (AFSOC), Air Mobility Command (AMC), U.S.
Transportation Command (USTRANSCOM), Pacific Air Forces (PACAF), U.S. Air Forces Europe (USAFE), Air Force
Material Command (AFMC), and Headquarters Air Force.

NOTE: This research focused on Air Force mission areas. A similar effort that considered other services, such as the
U.S. Army, Navy, or Coast Guard, might yield different results, although we suspect that the limited hover abilities
would limit utility for many other missions.

@Class | = food, rations, water; Class V = ammunition; Class IX = repair parts.

Surface Transport at the Nevada Test and Training Range

The NTTR is a large range complex operated by DoD and the U.S. Department of Energy (DoE)
that is located northwest of Las Vegas (see Figure 3.1). According to its public website (NTTR,
2021), the NTTR

provides the warfighter a flexible, realistic and multidimensional battle-space to
conduct testing tactics development, and advanced training. ... The NTTR Mission
is to create, operate, and maintain live and synthetic environments and integrate
partners to optimize warfighter capabilities. . . . The range occupies 2.9 million acres
of land, 5,000 square miles of airspace which is restricted from civilian air traffic over-
flight and another 7,000 square miles of Military Operating Area, or MOA, which is

shared with civilian aircraft.

To conduct this mission, the NTTR operates scores of sites within the range, largely grouped into
three areas: Tonopah Test Range airport in the north; the Tolicha Peak Electronic Combat Range
(TPECR) in the west; and Point Bravo, which is not far from Creech AFB in the south. NTTR
leadership informed us that, when the range is operating, about 200 personnel (mostly contractors)
are on the range operating specialized equipment at various ground sites. These personnel commute to
work from several communities around the range (most notably, Tonopah, Beatty, and North Las
Vegas), then typically switch from their personally owned vehicles near an entry point to government-
owned vehicles to get to their final destination.

NTTR range leadership told us that the attrition rate for site operators is high enough that 25 to
30 percent of their positions are consistently vacant. This strains workers in terms of both executing
their primary jobs and training new replacement operators. We were told that it takes about two years
of on-the-job training before an operator is fully qualified. The primary reason workers quit is the long
time spent commuting each day from remote towns in the Nevada desert or having to commute to
Tonopah and live in hotels each week.
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Figure 3.1. Locations of NTTR Entry Points, Associated Destination Locations, by Type, and
Envisioned Vertiports at the NTTR with 75 nmi Range Rings
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SOURCES: Interviews with NTTR personnel; Geofabrik, 2022a; 3D Elevation Program (3DEP), Global Multiresolution
Terrain Elevation Data (GMTED) 2010, and Shuttle Radar Topography Mission (SRTM) terrain data courtesy of the U.S.
Geological Survey (USGS). Points of interest from NTTR/PM and RAND.

Long travel times within the range itself also limit operations. Range leadership speculated that
eVTOL aircraft could alleviate both problems by reducing transport times (increasing range
efficiency) and allowing the ranges to be open for longer periods each day. However, there were
questions about the cost effectiveness of the solution and whether existing electric infrastructure
would suffice. We sought to estimate how much time eVTOL aircraft could save and at what cost and
to assess the electric infrastructure.

Reducing Travel Times for Nevada Test and Training Range Operations
with eVTOL Aircraft

Figure 3.1 depicts key entry gates near Tonopah, Beatty, and North Las Vegas (red diamonds),
and a representative sampling of ground sites within or near the NTTR (circles and black cross
labelled TPECR). We imagine vertiports (black crosses) with charging stations placed at existing
helipads at the TPECR and the North Las Vegas Airport to support operations: Each vertiport
would serve as home base to a squadron of eVTOL aircraft to fly site operators to locations within the
NTTR that are typically accessed by ground vehicles. We have superimposed 75-nmi radius range
rings over the TPECR and North Las Vegas Airport to illustrate the nominal out-and-back range of
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an eVTOL without being recharged. Blue boxes in Figure 3.1 outline the NT'TR sites associated with
each entry gate.

We calculated how much time could be saved using eVTOL aircraft to pick up site operators at an
NTTR entry gate and fly them to their final destinations within the range instead of driving. Flying
saves an average of 0.4 hours; the minimum time savings for the set of sites considered is 0.1 hours,
while the maximum time savings is 1.4 hours.” While eVTOL aircraft could save a modest amount of
worker time on the clock, this would probably not significantly change range operations. However,
these calculations ignore the fact that site operators have to travel via personal vehicles off the clock,
from a hotel or residence to a range entry point. Unfortunately for the site operators, the actual
commute times are much greater than the time needed to get to the site from a NTTR entry gate,
which degrades quality of life and leads to attrition.

Commuting via eVTOL Could Improve Site Operator Quality of Life and
Retention Rates but at High Cost

As an excursion, we evaluated how much it might cost for the USAF to transport all the needed
site operators from North Las Vegas to sites within the range using eVTOL aircraft. The idea would
be to buy a higher retention rate by enabling operators to live in a larger, more interesting city and be
able to return to their homes at the end of each day. Assuming 200 people travel to and from the range
five days a week via a fleet of 50 eV TOL aircraft (four people per aircraft), we estimate that the costs
would range from $90,437 to $129,034 per day.® This is likely not an acceptable daily cost, given that
the USAF currently pays $277,000 in annual lodging costs and $440,000 a year in van and truck costs

to house and transport the contractors who work on the range.

Electric Infrastructure at USAF Sites in and Around the NTTR

King, Huntzinger, and Nguyen (2011) estimated Nellis AFB'’s electricity usage in 2008 at 380
MWh/day. Nellis Solar Array 1, a 140-acre, 14-MW solar generation facility, produces 30-32
GWh/year and was expected to meet about 25 percent of the base’s electric demand (DoE, 2010;
SunPower, 2007), which would imply that average demand was 330 to 350 MWh/day.

Nellis now has a second large solar array, Nellis Solar Array 2, which occupies 100 acres and has a
peak generating capacity of 18.8 MW. Nellis Solar Array 2 generated 100 MWh/day in 2020 (U.S.
Energy Information Administration, undated). Because of these two arrays, Nellis AFB is a net

19 See “Nevada Test and Training Range” in Appendix D for the distributions of flying and driving times for all routes;

additional information on the locations used in this analysis; and drive times, flight times, and time savings.

20T do this computation, we assumed that the eVTOL aircraft wait uprange each day to provide transport back to North Las
Vegas Airport (returning to North Las Vegas Airport after the morning commute would double costs). The average distance
between North Las Vegas Airport to sites within the range is 94.6 nmi. Using the costs per seat-mile shown in Chapter 2 ($2.39
per seat per nmi), the low-end estimate would be $452 per person per day or $90,437 per day total (200 seats x 94.6 nmi x
$2.39 per seat per nmi x two trips each day, one in and one out of the NTTR). The high estimate would be $645 per person per
day or $129,034 total per day (200 seats x 94.6 nmi x $3.41 per seat per nmi x 2 trips each day, one in and one out of NTTR).

Note that the federal government currently reimburses 58.5 cents for each mile driven for business use.
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exporter of electricity to the surrounding community during the day but receives electric power from
the Nevada Energy grid at night (Hasenauer, 2021).

Of other bases adjacent to NTTR, Tonopah has an average electricity usage of 150 MWh/day,
and Creech AFB has an average electricity usage of 50 MWh/day (King, Huntzinger, and Nguyen,
2011).

As illustrated in Table 3.2, eVTOL charging requirements are not very large compared with the
existing total electricity usage at these bases. Any one of these bases could support the charging of
dozens of eVTOL aircraft per day with only a single-digit-percentage increase in its total electricity

usage.”!
Table 3.2. Electricity Budgets at NTTR or NTTR-Adjacent Sites
Estimated Electricity Daily Usage Equal to Daily Usage Equal to
Usage One Full eVTOL Charge 25 Full eVTOL Charges
Site (MWh/day) (%) (%)
Nellis AFB 330-380 0.04-0.05 1.0-1.1
Tonopah 150 0.10 2.5
Creech AFB 50 0.30 7.5
Yucca Airstrip 2.4 6.3 160
Tolicha Peak helipad 1.2 13 310

RAND Analysis based on King, Huntzinger, and Nguyen, 2011; DoE, 2010; SunPower, 2007; Camp
Dresser & Mckee, 2001; and area estimates of airstrip and helipad facilities from Google Earth.

Considering smaller sites within the NTTR, we estimated from maps that Yucca Airstrip has
50,000 ft*> of support buildings that probably consume about 2.4 MWh/day of electricity on average.
We base this estimate on an average electricity consumption of 19.95 kWh/ft*/year for civilian airport
terminal spaces (Camp Dresser & McKee, 2001). Using the same method, we estimated that Tolicha
Peak helipad has 25,000 ft* of support buildings that probably consume 1.2 MWh/day of electricity,
supplied via the grid and/or a backup generator.

Charging many eVTOL aircraft at one of these smaller sites would imply a substantial increase in
electricity draw over existing usage. Especially at the Tolicha Peak helipad, the 300 kW draw of an
eVTOL fast charge would require higher peak power than is likely typical at the site. Therefore, it is
possible that upgrades would be required to the electrical distribution and/or to the generator.

Missile Field Support Transportation

As part of the nation’s strategic nuclear deterrent, the USAF operates 400 LGM-30G Minuteman
ICBMs with nuclear warheads (AFGSC Public Affairs, 2019). These weapons are dispersed in 450

2l We used engineering estimates of the electrical power consumption of civilian airport facilities (e.g,, Camp Dresser & McKee,
2001) to determine how much eVTOL charging an air base or an airport could likely support with its existing electrical power

supply.
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hardened silos around Malmstrom, Minot, and F. E. Warren AFBs (DoD, undated), as depicted in
Figure 3.2. To scope the analysis, we focused on Malmstrom AFB because it is the largest missile field
by area and because the average daily winter temperatures are warmer than those at Minot and about
the same as at F. E. Warren.?

Figure 3.2. Minuteman lll Missile Fields

Unlike at test ranges, which were dominantly traversed by ground vehicles at the time of writing,
AFGSC operated a fleet of 63 armed UH-1N Huey helicopters to perform security, overwatch, and
rapid response missions over the missile fields. These helicopters were soon be replaced by the more
capable MH-139A Grey Wolf helicopter. These missions require the aircraft to be optionally armed
with “two General Electric 7.62 mm miniguns or two 40 mm grenade launchers; two seven-tube 2.75-
in rocket launchers” (“UH-1 Huey/Iroquois,” undated). They also carry specialized sensors and must
be able to fly in all-weather conditions, unrefueled, out to the farthest silo and back with a full mission
payload with reserves. These requirements exceed the capability of current eVTOL aircraft; thus, we
do not suggest that the USAF replace UH-1 or MH-139 helicopters with today’s eVTOL aircraft.

2 Although we did not discuss this problem for the eV TOL commercial business case, eVTOL aircraft batteries will drain faster
in cold temperatures and will have reduced range and payload, as with any battery-powered machine. Deicing timing is another
complication. Protecting the aircraft in heated hangers would be a good idea during Montana winters. We expect that using
eVTOL aircraft at Minot and F. E. Warren AFBs would yield benefits and drawbacks similar to those discussed here for
Malmstrom AFB.
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However, AFGSC staff officers indicated to us that eVTOL aircraft might be useful in
transporting security forces and maintenance personnel to alert facilities and silo locations in lieu of
driving—trips that take hours each way. As part of securing the missile fields, security forces are
required to conduct physical inspections of all 450 launch facilities monthly. They also respond to
various alarms and provide security during routine maintenance events. The vast land area of
Malmstrom AFB (13,800 mi* [341st Missile Wing Public Affairs (MW/PA), 2020]) and frequent
need to visit each facility explains why the USAF’s three missile wings each have the largest security
force contingent of any wing in the USAF.

A typical USAF wing has a security force squadron embedded within the mission support group.
Missile wings are different: Each missile wing has a security force group, which, in turn, has four
security force squadrons, totaling about 1,200 security personnel per wing (341st Missile Wing Public
Affairs [341 MW/PA], 2020). AFGSC staff officers thought that the ability to cover more silos per
day using an aircraft instead of driving would boost work productivity and allow reducing the sizes of
these security groups, which, if true, would allow the USAF to redistribute security forces to other
needed places within the USAF.

Currently, each missile wing is responsible for 150 silos. Each group of ten silos is controlled from
an underground missile alert facility (MAF; see Figure 3.3). Each MAF continually houses six security
personnel, two operators, a facility manager, and a cook. Security personnel drive to the alert facility
and stay for seven days. Three serve on the day watch and three on night watch. After swapping out
with their replacements, personnel drive back to the base. The capsule crews drive to the MAF, stay
for 24 hours (sometimes as long as 48 hours), then return to base after being relieved by a new crew.

Figure 3.3. Location of Missile Silos and Missile Alert Facilities Relative to Malmstrom AFB

- - e e 100 nmi from
Facility Type @ Missile Alert Faciity @ Missile Silo Malmstrom AFB

SOURCES: Geofabrik, 2022b; 3DEP, GMTED2010, and SRTM terrain data courtesy of USGS. Locations from Wikipedia,
2012; RAND confirmed by zooming into each site using Google Earth.
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In addition to the security teams at the alert facilities, an additional four to five roaming teams are
always on duty within the missile field. These teams provide security during maintenance actions and
respond to on-demand events, as necessary. The teams are also important to the overall security
laydown in that they are dispersed and difficult to target.

The transportation squadron at Malmstrom AFB supports “21 tenant units in two states, as well
as the largest geographic traffic management area in the Department of Defense. They control more
than $48.8 million in assets, including more than 802 vehicles and an annual operating budget in
excess of $2.7 million” (341 MW/PA, 2020). These vehicles drive 7.5 million miles per year (Church,
2012). eVTOL aircraft could offset this driving burden.

New eVTOL-Enabled Concepts of Operation for Malmstrom AFB

One new concept would be to base three eVTOL aircraft at Malmstrom (two primary mission
aircraft and a backup) and three more at selected MAFs. At Malmstrom, one e VTOL aircraft would
be on alert for the use of a security team. This would provide the team backup transportation in place
of ground transportation for security responses at all facilities in the missile field for less-serious
response. Such responses are more common than the more-serious types, which require armed
helicopter support.

The other CONOP would be tasked to ferry security forces to all 150 silos each month to
conduct required physical inspections. Maintenance personnel could also use this eVTOL aircraft to
conduct missile maintenance on demand. The third would provide backup for the other two. The
other three eVTOL aircraft in the field, one per squadron, would be used for the roaming security
forces’ team mission. We reviewed this CONOP with AFGSC security force experts who suggested
that the alert eVTOL aircraft at Malmstrom AFB could allow each MAF to reduce its security
presence from six to three people,” while the eV TOL aircraft based in the missile fields would reduce
the roaming presence from five to three teams.

Security forces must be present continuously at each MAF, so the current security personnel-to-
crew ratio is 7.5 people for each person on duty in the missile fields. Thus, with 90 security personnel
on duty at the MAFs and another ten on roaming duty, maintaining security within the Malmstrom
missile field requires a total of 750 people. An eV TOL-enabled concept would reduce that number to
383*—freeing 367 positions for redistribution.

An alternative CONOP is to only use three eVTOL aircraft at Malmstrom AFB, leaving the
roaming mission to continue via surface transport. These three would conduct the monthly silo
inspections and provide backup support to the 15 security teams located at the MAFs. This
alternative concept would reduce the security forces required from 750 to 412 personnel.

Using eVTOL aircraft also provides more flexibility to respond to events and reduces the 7.5-
million-mile driving needs of the base. In addition to reducing surface transportation costs by an
estimated $2.1 million,” this would also significantly reduce automotive emissions. AFGSC officials

2 This assumption would need to be confirmed through detailed analysis, which was not performed as a part of our work.
24 That is, (15 MAFs x 3 security forces personnel x 7.5 ratio) + (3 x roaming team of 2 x 7.5 ratio) = 383.

2 With 750 security personnel driving at Malmstrom AFB, the annual cost for surface transportation is $2.1 million (367
personnel reduction for eVTOL CONOP / 750 personnel for truck-based security x 7,500,000 miles/year x $0.585/mile).
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further told us that, particularly in winter, UH-1 helicopters are sometimes used to transport
personnel to and from the MAFs in lieu of driving. In such cases, eVTOL aircraft would provide a
cheaper alternative for transport than the UH-1. Finally, the time saved commuting via eVTOL
would free some time for individuals, which could either be used for other USAF purposes on base or
be returned to individuals to improve quality of life and morale.

Electric Infrastructure for the eVTOL Enabled CONOP

We anticipate that eVTOL aircraft travel patterns in this CONOP would include many short
hops between silos, adding up to a potentially long flight before returning to a main base. An
advantageous low-cost charging strategy could be to place Level 2 electric chargers at each of the 150
silos. These chargers are commonly installed for electric cars at homes and businesses and could cost
as little as $1,100 per site (see Table 2.5) or $165,000 for all 150 silos. On landing at each silo for a
one-hour inspection, an eVTOL would be plugged in and slowly charge for an hour before departing
to the next silo. Because the eV TOL would be constantly charging on the ground between hops, it
would still have nearly a full charge at the end of the day. This would be not only cheaper but also
more convenient than diverting from the inspection route to visit a higher-capacity charger.*® (If, for
some reason, the eV TOL had an exhausted battery at a site with only a Level 2 charger, it would take
eight hours for the eVTOL to regain a full charge—but this should never happen on the scheduled
inspection routes.)

Widespread installation of Level 2 chargers at DoD sites in CONUS might be expected in the
short to medium term anyway because of DoD’s medium-term commitment to move to electric
nontactical ground vehicle fleets. Placing the chargers so that they could be used by either ground
vehicles or eVTOL aircraft would leverage the assets for maximum utility.

Quantitative Analysis of eVTOL Use by Roaming Security Teams

According to AFGSC officials, roaming security teams provide flexible support throughout the
missile fields. For this analysis, we compared the time required for a security team based at a MAF to
reach each silo under its squadron’s purview when driving as opposed to flying in an eVTOL with a
145-knot ground speed. Figure 3.4 maps the location of the MAF chosen for each squadron and
breaks down missile silos by squadron. Any MAF-silo route can be completed via eVTOL in under 30

minutes, and flying saves an average 1.1 hours one way over driving.”

26 Alternatively, we estimate that four fast chargers would be sufficient for the new CONOPs as well.

27 The savings range from 6 minutes to 2.9 hours. See “Missile Field Support” in Appendix D for the full distribution of times.
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Figure 3.4. Missile Silo and Notional MAF-Based eVTOL Locations, by Squadron

Squadron @ 10th Missile Squadron @  12th Missile Squadron @  490th Missile Squadron

SOURCES: Geofabrik, 2022b; 3DEP, GMTED2010, and SRTM terrain data courtesy of USGS. Locations and squadron
designations from Wikipedia, 2012; RAND confirmed by zooming into each site using Google Earth.

Quantitative Analysis of On-Demand Movement of Maintenance Personnel
to and from Silos

According to 341 Missile Wing public website, “The 341st Maintenance Group . . . strives in its
everyday duties to maximize ICBM readiness and lethality by ensuring assigned launch facilities,
launch control centers, and support equipment are safe, serviceable, and properly configured to meet
mission needs” (341 MW/PA, 2020). AFGSC staff officers told us that maintenance teams get called
out to a facility about ten times per wing per day. Security forces accompany maintenance teams each
time they travel out to a site. AFGSC also informed us that small, two-to-three-person, expeditionary
maintenance teams transported by truck constitute about 75 to 80 percent of all callouts to a site and
that the equipment and parts they bring weigh about 200 to 1,000 Ibs. Larger maintenance actions are
less frequent but do occur; these require 18-wheel tractor-trailers for transport.

Similar to previous analysis, we compared the time required to drive or fly from Malmstrom AFB
to all 150 missile silo sites in Montana shown in Figure 3.4. Flying via eV TOL aircraft saves an
average of 1.6 hours each way over driving.”®

2 The savings range from 0.4 to 3.3 hours. See “Missile Field Support” in Appendix D for the distributions of flying and driving
times for all routes, as well as additional analysis.
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Quantitative Analysis of eVTOL Use to Conduct Monthly Silo Inspections

As mentioned, there is a policy requirement for security forces to physically inspect each missile
silo on a monthly basis. Currently, these inspections are conducted by two-person teams sent out from
the MAFs, leaving four security personnel at the MAF while the others are gone. If the USAF
reduced the security presence from six to three as described in the previous section, it might make
sense to unburden the remaining three-person MAF security team from this duty and instead conduct
the inspections by flying a two-person team out to each site from Malmstrom AFB. Figure 3.5 depicts
what these flying routes might look like.

AFGSC officials told us that these inspections require approximately one hour at each site,
making a full route take around 11 hours.” Thus, ten-stop routes can be conducted within a single
workday, suggesting an every-other-day schedule to meet the requirement to inspect all sites each

month.

Figure 3.5. Potential Inspection Routes, Grouped by USAF Squadron Flight
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SOURCE: Locations from Wikipedia, 2012; RAND confirmed these by zooming into each site using Google Earth.

Missile Field Summary

To recap, we analyzed two concepts for the potential to use eVTOL aircraft at Malmstrom AFB
to move security forces and maintenance personnel in lieu of surface transportation. It seems plausible
that this new CONOP could reduce the number of security personnel required to secure the missile
fields, allowing the USAF to redistribute these forces elsewhere. The first concept includes six

2 Calculation assumes a ground speed of 145 knots. Appendix D provides the time required to fly each route.
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eVTOL aircraft, with an estimated purchase cost of $7.8 million to $36.6 million and a reduction in
personnel of 49 percent, while the second includes three eVTOL aircraft, costing $3.9 million to
$18.4 million and an estimated 45 percent reduction in personnel. The second concept reduces
personnel needs by almost as much as the first but costs half as much. In both cases, operating the
aircraft is assumed to cost $1,228 per hour, which includes the cost of maintaining these vehicles. The
cost of providing this capability could be partially offset by a surface transportation cost savings of
approximately $2.1 million per year at Malmstrom AFB, but this CONOP would require maintainers
capable of conducting eV TOL maintenance (or contract maintenance). Focusing solely on the
acquisition unit costs, this represents a payback time of 3.7 to 17.5 years in the first concept and 1.9 to
8.8 years in the second concept. While operational costs would need to be added to obtain the actual
payback time, the lower payback time estimate for the second concept suggests that, if our low-end
cost estimate of eV TOL aircraft is correct, eVTOL aircraft may provide at least a cost-neutral
solution. eVTOL aircraft could also be used on a noninterference basis to transport maintenance

teams to sites, saving time and improving the effectiveness of the maintenance force overall.

Agile Combat Employment
eVTOL aircraft could also support the USAF’s future concept for ACE, which leverages

dispersion of forces into mobile, small, and relatively autonomous force packages reliant on shared
resources, ACE is projected to increase mobility requirements and demand for aircraft, such as the C-
17 and C-130. Testifying before Congress in 2022, the USTRANSCOM commander said that the
“C-130 fleet capacity dropped almost 50% from a high of well over 500 aircraft in Operation
DESERT STORM to the current programmed levels . . . . MCRS-20 highlighted the potential value
of this mission area in the future operating environment, and as such, intra-theater lift is an area of
increased interest to the Department” (Van Ovost, 2022). Small fleets of e VT OL aircraft could be
used to support airlift missions for ACE, saving larger C-17s and C-130s for other requirements.
These eVTOL fleets could provide crucial movement of people and small parts (including medicines
and medical supplies) within an ACE cluster, for example, to return an F-35A radar circuit board to
service or to transport a flight surgeon to a forward location in an emergency. Their flight capabilities
mean that eVTOL aircraft would be able to take off even after a runway attack, assuming an adequate
power supply. Multiple airbase-under-attack projects have also highlighted that jet fuel is a likely
target of adversary attack (Vick and Ashby, 2021; Walton and Clark, 2021). eVTOL aircraft would
be resilient to this as well, assuming some electricity generation remained available. Furthermore,
again thanks to their capabilities, eV TOL aircraft should be easier to disperse on an airfield than

traditional fixed-wing aircraft.

General Considerations for eVTOL Charging in Agile Combat Employment

Wherever they are deployed, U.S. forces will require electrical power to operate many kinds of
equipment. At a major air base with well-established infrastructure or in a developed country with
robust electrical power grids, the power may come from a diverse set of utility-scale generators via the
civil power grid. If the civil power grid is disrupted or if U.S. forces must deploy where no such
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infrastructure exists, diesel generators remain the quickest and cheapest way to stand up an electric
power supply. DoD is also interested in nondiesel alternatives for electric power generation; many
bases have already invested in some solar power capacity. The USAF is even experimenting with a
program for a small nuclear reactor at Eielson AFB in 2027; by the 2030s, U.S. forces could
conceivably use transportable nuclear microreactors for power. (See Goldfeld et al., 2023, for a
discussion of technological possibilities.)

In many scenarios, U.S. forces will have to stand up and/or maintain a substantial electrical
generation capacity of some kind—with or without eVTOL aircraft present. A diversified set of
energy sources will improve mission resilience in general. The most favorable deployment scenario for
eVTOL aircraft is to be able to charge them from the electrical grid, without requiring entirely new
power infrastructure and without drastically altering the overall force’s electric power requirements.

In the coming years, we expect increased adoption of electric ground vehicles by both DoD and
civilian society at large in many countries around the world. This implies that charging infrastructure
for electric ground vehicles, and the underlying transmission grid to support them, will be more
developed in coming years than it is now and that eV TOL aircraft should be able to take advantage of
that charging infrastructure.

Isolated eVTOL Infrastructure

Despite these observations, suppose that it is necessary to operate an eV TOL vertiport that
cannot rely on the civil power grid or on the general power supply of a larger force but needs its own
dedicated power supply. As already discussed, the power required for fast eV TOL charging is on the
order of 150 to 200 kW. Comparing this with the capacity of Basic Expeditionary Airfield Resources
mobile generators, an MEP-012A diesel generator with 750 kW could support fast charging of three
to five eVTOL aircraft (Air Force Handbook 10-222, Vol. 2, 2012).

A MEP-805B (30 kW) or MEP-806B (60 kW) generator would be too small for fast charging,
but in an emergency, it could charge an eVTOL over a period of hours (Air Force Handbook 10-222,
Vol. 2,2012).

One nondiesel alternative for an isolated vertiport could be a dedicated solar panel installation.
Considering that a small vertiport may occupy 0.66 acre, as shown in Table 2.4, a solar installation of
comparable size, occupying 0.66 acre, could generate a peak power of about 130 kW and could
completely charge a representative eV TOL in about 70 minutes in full sunlight. A location with
favorable sunlight would provide about four full eVTOL charges per day. This might make sense for
an isolated vertiport with persistent but low-tempo activity, i.e., where there were just a few eVTOL
flights every day. This concept would also lend itself to an eVTOL with swappable batteries, so that
the solar panels could be charging batteries whether or not an eVTOL was present. A solar
installation of this size would cost about $180,000—about half the cost of the small vertiport—not
including the cost of any spare storage batteries (Goldfeld et al., 2023).

40



Notional ACE Scenarios We Modeled

We selected the Philippines and Poland as two countries in which the USAF might need to
execute ACE operations in a future fight.

The Philippines is located in the strategically important South China Sea within F-35A combat
radius of Taiwan. The country is a collection of islands connected by a network of roads and
ferryboats. It is conceivable that, in a hypothetical war in the Pacific, the USAF could forward-deploy
fighter aircraft, such as F-35As, to the Philippines, dispersed across many airports on different islands.

Poland is a NATO member country bordering Russia, Lithuania, Belarus, Ukraine, Slovakia,
Czechia, and Germany. F-35As based there could range across most of eastern and a large portion of
southern Europe. In a potential future conflict in Europe, Poland could play host to USAF combat
units dispersed across its airports.

We analyzed the surface and air transport times and costs between the airports in the Philippines
and Poland to illustrate the potential benefit a fleet of eV TOL aircraft might provide in an OSA role.
Note that, for all of these calculations, we assumed that roads and ferries were open and fully
operational. In reality, surface routes might be shut off or congested with checkpoints, significantly
increasing travel times. Furthermore, surface routes might be destroyed or cut off altogether,

necessitating flight.

eVTOL Support of ACE in the Philippines

Like we did for the previous two use cases, we compare the time required to drive or fly between a
set of 31 airfields in the Philippines, shown in Figure 3.6.*° In the Philippines, flying via eVTOL
between airports saves an enormous amount of time over driving: 21.5 hours on average, mostly driven
by the need to take ferryboats between islands.**

Even given ideal (e.g., peacetime) surface travel conditions, the time difference between flying and
driving suggests that military commanders will need to fly important parts and people between
operating locations in the Philippines. Analyzing intratheater airlift force structure capacity was
beyond the scope of our research; however, it seems promising that eVTOL aircraft could conduct
certain OSA movements in place of C-17 or C-130 aircraft. This effect would be amplified if runways
are damaged or if jet fuel supply (e.g., fuel tanks or fuel supply pipes) were attacked and limited
because eVTOL aircraft are both runway and jet fuel independent.

Electric Infrastructure in the Philippines

As already discussed, the promise of eVTOL aircraft hinges on adequate power supplies. The
electric grid in the Philippines has steadily improved in recent decades; as of 2020, 96.8 percent of the
population now has access to electricity, including 95.6 percent of the rural population (World Bank,
2022a). However, historically, power outages in the Philippines are relatively common (Taniguchi,
2019). In many rural areas of the Philippines, especially on smaller islands, electric power is via

30 Drive times for the Philippines also include transit time via ferry. These ferries can operate irregularly, significantly increasing
total travel time. “Agile Combat Employment” in Appendix D provides more detail on ferry times.

3 The savings range from 0.2 to 149 hours. See “Agile Combat Employment” in Appendix D for the distribution of flying and

driving times for all routes.
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minigrids, mostly powered by diesel, that operate for only four to seven hours per day, even in
peacetime (International Renewable Energy Agency, 2017).

Figure 3.6. Locations of Airports in the Analysis, Philippines

Region
@ Closed
® Large Airport
@ Medium Airport
® Small Airport

SOURCES: Geofabrik, 2022c; OurAirports, 2021; Global ETOPO1 terrain data from the National Oceanic and
Atmospheric Administration.

Therefore, while eVTOL aircraft could likely find some access to electrical power in almost all
populated parts of the Philippines, the power might be intermittent in rural areas, and the grid is less
robust overall than in a highly industrialized country, such as Poland. Vertiports in the Philippines
would need their own dedicated power supplies, at least as a backup, to ensure continuous operations.

eVTOL Support of ACE in Poland

Moving from the Pacific to Europe, we also compared the time required to drive or fly between a
set of 30 Polish airfields, shown in Figure 3.7. While less dramatically time-saving than in the
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Philippines, eVTOL aircraft save an average of 3.5 transport hours over driving (the range is 0.6 to 7.3
hours).”* Additional information on the locations used in this analysis, as well as drive times, flight
times, and time savings can be found in Appendix D.

During an interview with USAFE A4, staff planners told us that security checkpoints and
potential enemy destruction of roadways would almost certainly slow down road travel during a
contingency (USAFE, 2022). If true, military commanders may need to fly important parts and
people between ACE cluster bases in Poland, as in the Philippines. eVTOL aircraft could again be an
attractive way to accomplish this instead of C-17 or C-130 aircraft, particularly if the bases themselves
have damaged runways or if jet fuel distribution is damaged or destroyed.

Figure 3.7. Locations of Airfields in the Analysis, Poland

Region

® Closed

@ Large Airport
© Medium Airport
e

Small Airport

SOURCES: Geofabrik, 2022d; and OurAirports, 2021. Europe terrain data produced using Copernicus data and
information funded by the European Union (European Digital Elevation Model layers).

Electric Infrastructure in Poland

Poland has an extensive, well-developed electricity network (International Energy Agency, 2022).
In 2020, Poland had 791 public charging stations for electric cars (Razvadauskas, 2021).

In 2022, Russia targeted Ukraine’s energy infrastructure with physical attacks on power plants
and electrical substations and succeeded in denying electricity to civilians in the Mariupol and Kyiv

32 “Agile Combat Employment” in Appendix D provides the distributions of flying and driving times between these airfields in
Poland, as well as additional details.
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regions (Temple, 2022). Russia also attempted to interfere with the Ukraine electric grid via
cyberattacks (Tidy, 2022). Nevertheless, the majority of Ukraine’s electric grid has remained
functional during its war with Russia. By analogy, we might expect that much of Poland’s electric grid
would remain functional and that the grid could support eVTOL charging stations in many locations
during a conflict with Russia, although grid supply to any particular location could be at risk.

In 2021, 78 percent of Poland’s electrical generation was by coal. Poland is the tenth-largest coal
producer in the world, although, since 2018 it has been a net importer of coal, mostly from Russia
(International Energy Agency, 2022). Under wartime conditions, Poland could likely meet most of its
electricity generation needs using the domestic coal supply. Poland also has high-voltage electric
interconnections with other countries: Germany, Czechia, Slovakia, Sweden, Lithuania, and Ukraine.
However, the capacity of these interconnections, 12 GW, is small compared to Poland’s total
generating capacity (International Energy Agency, 2022).

Opverall, we assess that the USAF could probably reliably fly eVTOL aircraft in Poland.

Major Command Support Today

As already stated, the military staff members we spoke to were, in general, interested in the
technology but were mostly in a wait-and-see mode (primarily because of the limited range and
payload of today’s eVTOL aircraft).

Critically, we did not find a major command (MAJCOM) that appeared willing to sponsor a
capability requirement that could lead to the development or acquisition of eVTOL aircraft right now.
Instead, the MAJCOMs appear to prefer waiting for the technology to mature and become more
capable. Most see the promise for eVTOL technology, but pragmatism is winning, in that traditional
turbine-powered aircraft significantly outperform even the best battery-powered aircraft. However, if
eVTOL company cost projections hold true and if performance parameters improve, MAJCOM
sentiment could look very different in the years to come.

Although different stakeholders have different capability requirements, there was a nearly
unanimous desire for eV TOL aircraft to fly autonomously. Autonomy supports dangerous missions,
such as personnel recovery in highly contested airspace. Autonomous eVTOL aircraft could be
prepositioned in dangerous areas, waiting on the ground for days or weeks (assuming batteries do not
drain too much) to be activated to respond to a downed servicemember. Alternatively, these vehicles
could fly into contested airspace to retrieve a downed servicemember. Another mission area that
USAF experts brought up is the on-demand autonomous last-tactical mile delivery of parts and
supplies. eVTOL aircraft could be used to take parts and or supplies directly to the point of need, even
in dangerous areas, eliminating the need to risk people to drive the package to its final destination.
eVTOL aircraft offer an advantage over sUASs because the former can carry significantly more
weight.”?

33 Walmart and Amazon are already pioneering this kind of delivery within the domestic United States. According to Amazon,
its Prime Air service is

a future delivery system from Amazon designed to safely get packages to customers in 30 minutes or less
using autonomous aerial vehicles, also called drones. Prime Air has great potential to enhance the services we
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Pilotless air vehicles have workforce advantages over their piloted counterparts. They eliminate
the requirement to train and pay for a cadre of pilots. These vehicles do not need to sleep or have crew
rest, which should allow them to be used nearly continuously. And, because they do not have a pilot,
at least one more passenger can be carried on each aircraft, increasing their useful load in many
situations. While it remains to be seen, many of the experts we talked with think that autonomous air
vehicles will be safer in the long run than piloted ones because pilot error is a significant factor in 60 to
80 percent of all aircraft crashes (Shappell et al., 2006).

In good news for the USAF, eVTOL companies have plans for autonomy, either right out of the
box or as a future capability. Fleets of autonomously flying eVTOL aircraft might be managed by a
person on the ground in some sort of a control center to handle unforeseen or emergency
contingencies. The precise rules governing and operations of autonomous flight will gain clarity in the
future, but for now, we can say that the USAF sees much more potential in autonomous eVTOL

aircraft,

Initial Conclusions

At present, eVTOL aircraft appear to be suitable for niche USAF applications, although, perhaps,
their role in intratheater aitlift for ACE could be more significant.

In the case of the NTTR, we found that time savings and potential workforce improvements are
not enough to justify the cost of widespread eVTOL aircraft use. However, the range is well suited for
experimentation with small numbers of eVTOL aircraft, should the USAF decide to take this path.

In the case of missile fields, we analyzed the potential to use three or six eVTOL aircraft at
Malmstrom AFB to move security forces and maintenance personnel in lieu of surface transportation.
It seems plausible that this new CONOP could reduce the number of security personnel required to
secure the missile fields, allowing the USAF to redistribute these forces elsewhere.

We also found value in eVTOL use to perform OSA missions during contingencies within the
context of ACE. We assumed that ACE would heavily stress existing airlift capabilities, although
quantifying this shortfall is beyond the scope of our work. eVTOL aircraft have the capability to
shuttle important cargo and people around quickly, even if runways or fuel tanks are attacked. On a
dollars-per-mile basis, eVTOL aircraft ($8.50 to $13.51/nmi) are cheaper to fly than C-130s
($20.90/nmi) and C-17s ($39.20/nmi).>* While, clearly, those aircraft can carry many more
passengers and/or cargo, an eVTOL aircraft could offer a cheaper solution than larger airlifters when
less-than-C-130 sized loads need to move immediately (such as a medical team or an MRT). A
distributed eVTOL fleet could potentially transform intratheater lift for some types of assets and

already provide to millions of customers by providing rapid parcel delivery that will also increase the overall
safety and efficiency of the transportation system. (Amazon, 2022)

According to Walmart, its DroneUp program will deliver, “to 34 sites by the end [of] the year, providing the potential to reach 4
million U.S. households across six states—Arizona, Arkansas, Florida, Texas, Utah and Virginia. This provides us the ability to
deliver over 1 million packages by drone in a year” (Guggina, 2022).

34 Computed using 2022 DoD fixed-wing hourly reimbursement rates for the C-130 and C-17 divided by the cruising speed of

the aircraft.
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small numbers of people. These aircraft also confer very large time savings in the Philippines (days)

and significant time savings in Poland (hours) over regular surface transportation time estimates.
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Chapter 4

eVTOL Market Considerations for the
USAF

To the extent it determines operational value in eVTOL technology and seeks to acquire eVTOL
aircraft, the USAF will have three demands of the commercial market. The first is production of
eVTOL aircraft with technical specifications (i.e., speed, range, payload, durability, combat
survivability, and ease of maintenance) suitable to USAF missions. These specifications may closely
align with or significantly diverge from those of other customers in the commercial market. The
second is a secure or trusted supply chain protected against infiltration, tampering, and manipulation
by malicious actors. The third is a reliable supply chain that can fill USAF needs with little risk of
disruption.

In this chapter, we present our assessment of the willingness of the emerging commercial eVTOL
market to meet USAF technical and supply chain demands, considering various aspects of the market
that make it more or less conducive to these demands. Toward this end, we describe the overlap
between USAF and commercial requirements and the proportion of USAF demand relative to the
total market. Furthermore, we examine how eV TOL-related supply chains will evolve and geolocate
as firms move from testing and development to production in a competitive environment.

Opverall, at the time of this writing, we determined that a large, global, and commercially oriented
eVTOL market would be likely to emerge over the next three decades, with USAF demand—and
military demand more generally—constituting a miniscule share of the total market. In addition, we
found that eVTOL supply chains would likely be highly global and integrated in nature, exhibiting
foreign dependencies akin to those that characterize automotive industry supply chains. Together,
these market characteristics suggested that the USAF would face challenges in pursuit of its technical
and supply chain objectives.

To What Extent Do USAF Technical and Supply Chain
Requirements Overlap with Those of the Commercial Market?

With significant overlap in requirements between the USAF and the broader commercial
customer base, the eV TOL market will be naturally biased toward meeting USAF demand because
the USAF can meet the bulk of its need by purchasing commercial-off-the-shelf or dual-use platforms
at market prices. As requirements diverge, the USAF will increasingly be required to pay a premium
over market rates; in some circumstances, the USAF will have difficulty inducing suppliers to fill
USAF demand, even at above-market prices.
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Technical Specifications

As of this writing, the USAF had not defined a requirement for eV TOL technology or specified
any key mission sets; in contrast, industry had staked out a comparatively clear path for growth in the
commercial sector, with a focus on urban air mobility. Accordingly, the degree of USAF—private
industry overlap in technical specifications was unclear. As discussed in Chapter 3, some potential
USAF applications could employ commercial models with little to no modification. But use for other
mission areas under consideration, such as personnel recovery and special operations, would likely
drive significant customization and upgrades. For eVTOL firms focused on commercial applications
(which includes all the major domestic eVTOL firms), such military-unique changes would increase
research, development, and manufacturing costs while shifting resources away from servicing the

commercial customer base.

Secure Supply Chain

USAF demand for a secure supply chain has clear areas of overlap with the commercial sector. In
most countries, eV TOL operations—particularly those related to urban air mobility—will be subject
to government oversight and certification along the lines of the existing commercial airline industry.
Most eVTOL aircraft under development for urban air mobility will rely heavily on advanced
microelectronics, sophisticated software, and autonomous systems, with regulatory approval entailing
close examination of these components. In the United States, almost every step in the production
process is regulated, with original and replacement parts requiring external validation and certification.
That said, USAF requirements for supply chain security will probably be more stringent, given the
sensitivity of military operations and the fact that DoD assets are a more likely target for intrusion and

manipulation across a range of competition, gray zone, and conflict scenarios.

Reliable Supply

The demand for a reliable eVTOL aircraft supply represents a point of divergence between USAF
and commercial demands to the extent that the USAF comes to rely on eVTOL aircraft for core
military missions. For the USAF, the probability of supply chain disruption occurring simultaneous to
an increase in demand is likely to be higher than for commercial customers. Business expansions tend
to be well planned, often occurring when economic conditions are most ideal.’® Thus, good economic
conditions tend to overlap with good production conditions. In contrast, the USAF faces the prospect
of increased need for eVTOL aircraft just when supply conditions are most subject to disruption,
whether due to geopolitical instability or the initiation of armed conflict. Commercial eVTOL
customers might choose to pay somewhat higher prices in the interest of supply chain reliability but
probably not as much as the USAF. Consequently, a commercially oriented eVTOL market might
result in a supply chain that—while offering lower-priced platforms under prevailing economic
conditions—might be more susceptible to risk from geopolitical conflict than the USAF is willing to

tolerate.

3> See Gilchrist, Sim, and Zakrajsek (2014) for extensive reviews of the literature on investment cyclicality.
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Summary of Overlap Between the USAF and the Commercial Market

While a full analysis of eVTOL technical and supply chain requirements for the USAF is beyond
the scope of this report, our preliminary examination suggests significant overlap with commercial
requirements, although there are some important distinctions. As a summary, the first column of
Table 4.1 lists the three USAF objectives (technical specifications, secure supply, and reliable supply)
along with relevant examples or subobjectives. The second column summarizes the extent to which
USAF and commercial markets share the subobjective. The third column rates the positive or negative
impact of this relationship on the USAF achieving its subobjective, with the fourth column providing
a brief explanation.

In general, when overlap is high, commercial markets will have a positive impact on USAF
subobjectives because suppliers will provide products that are viable for either market. In some cases,
even small overlap can benefit the USAF. For instance, even though commercial markets might not
prioritize the ability of suppliers to meet surge requirements, the very existence of a large commercial
market should generally enhance the ability of the USAF to have its surge requirements met. To the
extent that there is U.S.-based eVTOL production, policy measures, such as invocation of the
Defense Production Act (Public Law 81-774, 1950), could potentially divert production to meet
increased USAF demand. Furthermore, during a geopolitical conflict, commercial eVTOL demand
could go down (especially in affected regions), freeing production capacity for the USAF. (In this case,
the benefit of the commercial market comes from the fact that it does not share the USAF’s
objectives.) For several subobjectives, the commercial market yields both benefits and drawbacks, the
net result being ambiguous pending further analysis.

Table 4.1. Overlap in Requirements Between USAF and Commercial eVTOL Customers and
Implications for USAF Objectives

Commercial
Market Impact
Degree of on USAF
USAF Objective Overlap Objective Summary Explanation
Technical requirements
For transporting Likely high Positive For use cases that mirror commercial urban mobility
personnel between an objectives, off-the-shelf technical specifications will
airport and an air base likely have high overlap with USAF requirements.
In austere, combat, or None Negative While off-the-shelf eVTOL aircraft could be used in
denied environments some wartime environments, environments that are
especially austere or denied would likely drive
unique USAF requirements.
Across use cases Depends Ambiguous  Generally speaking, a large commercial market

increases supplier base size and capability. A small
USAF component of demand, however, would likely
make it difficult to attract suppliers focused on
commercial markets.
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Commercial
Market Impact

Degree of on USAF
USAF Objective Overlap Objective Summary Explanation
Secure supply
Against criminal or High Positive Regulatory requirements (FAA and the U.S.
terrorist activity and Department of Homeland Security [DHS] in the
negligence United States) will enforce overlapping
requirements.
Against near-peer Low Ambiguous The USAF supply chain might have higher risk of
adversary being targeted by a sophisticated near-peer
adversary. If so, the level of supply chain security
enforced by eVTOL companies may be inadequate.
Reliable supply
Meeting planned High Positive If platform technical specifications and/or
purchases production lines are sufficiently similar, commercial
market demand increases supply throughput,
efficiency, and quality standards and decreases
costs.
Meeting surge Low Positive If platform technical specifications and/or
requirements production lines are sufficiently similar, civilian
supply could potentially be diverted to meet USAF
requirements (e.g., by invocation of the Defense
Production Act).
Robustness against Low Negative Historically, commercial markets have prioritized
geopolitical tension cost reduction over robustness against risk from

geographic concentration of supply. The USAF
requirement is at odds with commercial market
preference.

What Is the Proportion of USAF Demand Relative to the
Commercial Market?

Beyond overlap between USAF and commercial requirements, the willingness of the market to
meet USAF technical and supply chain demands will be influenced by the size of the USAF demand
relative to the total market. While our findings on the overlap between USAF and commercial
requirements show variability, it was relatively clear from our analysis that the defense sector
represented a very small piece of the eVTOL market.

A large commercial eV TOL market offers the USAF certain advantages. To start, larger markets
create a larger customer base over which to spread the fixed costs of research, development, and
production. Furthermore, in many scenarios, the number of suppliers in the marketplace will increase
proportionally with total market demand, thus providing the USAF with a larger pool of suppliers to
meet USAF requirements. Relatedly, even in highly regulated markets, competition among suppliers
can generate higher quality and lower prices. Finally, a larger commercial market translates to greater
production capacity that might be diverted to meet USAF surge requirements. As a downside,
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however, if the USAF remains a relatively small customer within the larger market, suppliers will be
prone to marginalize USAF demands while focusing on the more lucrative commercial sector.

In the early stages of technology and market development, firms are incentivized to target the
largest market serviceable by a given technology. As the industry matures and the profit opportunities
in the largest markets are exhausted by existing supply, firms will target successively smaller markets.
Again, if USAF specifications align closely with the broader commercial market, the USAF can meet
its requirements largely via commercial-off-the-shelf products. However, as USAF specifications
diverge from commercial specifications, the size of the USAF investment relative to the total
commercial market becomes a determining factor. A disproportionately large commercial market can

hinder the USAF’s efforts to meet its unique technical and supply chain requirements.

Commercial Versus Military Demand Forecasts

In this section, we present forecasts of commercial and military eVTOL demand in the near term
(2030) and the far term (2050). The information cited here is drawn from several market analyses
conducted between 2018 and 2021. We based our commercial forecast on eVTOL market analyses
conducted by a variety of financial and management consulting firms. Table 4.2 summarizes six of
these analyses.

Table 4.2. Financial and Consulting Firm Forecasts of eVTOL Demand

Time

Analyst (Source) Market Horizon Annual Demand Forecast
Jonas et al. (2021) Global air mobility (private and public 2030 $55 billion

mobility, frel.ght transportation, 2050 $9 trillion

defense logistics)
Jonas et al. (2018) Global air mobility (private and public ~ Near term $155 billion

mobility, frel.ght transportation, 2040 $1.5 trillion

defense logistics)
Booz Allen Hamilton U.S. urban air mobility (airport shuttles, Near term $2.5 billion (U.S. only)
(2018) air taxi, air ambulance)
Crown Consulting, U.S. urban air mobility (last-mile 2030 $2.9 billion profit for air metro
McKinsey & delivery, air metro, air taxi) $10 million profit for last-mile
Company on behalf freight transportation
of NASA air taxi infeasible in 2030
(NASA, 2018)
Roland Berger Global air mobility (air shuttles and 2050 $90 billion
(Hader et al., 2020) intercity services)
Goldman Sachs Global mobility 2030 $700 billion

(Terry et al., 2019)

Notably, these analyses varied significantly in their estimates of the size of the future market,
ranging from $90 billion to $9 trillion in total, cumulative value by 2050 (Jonas et al., 2018; NASA,
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2018; Terry et al., 2019; Hader et al., 2020; Booz Allen Hamilton, 2018). From our conversations
with eVTOL firms and investors, Jonas et al. (2018) was considered a gold standard for thinking
about the future eVTOL industry. Morgan Stanley has since updated this report, positing a slower
adoption of eVTOL aircraft by 2030 but then much more explosive growth by 2050 (Jonas et al.,
2021). More generally, the analyses differed in terms of the specific markets of focus and the rate at
which they assume eVTOL technology will be adopted across population centers worldwide, which
accounts for some of the variation across estimates. But all forecasts assumed that battery density will
improve; that eV TOL companies will gain approval to fly and operate the requisite infrastructure;
that these companies will continue to have adequate financing; that eVTOL purchase and operating
costs will decline over time; and, perhaps most critically, that the public will accept eVTOL aircraft in
terms of both safety and increased aviation traffic over residential neighborhoods. These assumptions
might not hold in the near term, which would significantly affect market predictions, but we think it is
important that all the forecasts we reviewed at the time concluded that eVTOL markets will
eventually emerge. Furthermore, even the lowest market forecast still represented major growth.

Turning to military demand, there was no similarly extensive market analysis, and it is difficult to
specify how U.S. and foreign militaries will adopt eV TOL technology. As noted in Chapter 3, even
the USAF, with Agility Prime, remains highly noncommittal. To address this gap, we used a
conservative assessment of the disparity between commercial and military demand, which in this case
translates to a top-end estimate of military demand. With this in mind, we started by assuming that,
in 2030, the military budget share spent on eVTOL technology would match the total U.S. military
budget share spent on helicopters and cargo aircraft in the Fiscal Year 2022 President’s Budget (Office
of Management and Budget, 2021).* We recognize that eVTOL aircraft will not take over all
helicopter and cargo aircraft functions by 2030, but this share represents a level of spending on
eVTOL aircraft that is very unlikely to be surpassed and, therefore, is a defensible upper bound. Next,
we assumed that every country in the world will spend the same share of their military budgets on
eVTOL aircraft as the United States, again creating an upper limit of conceivable spending.’’

For 2050, we proposed an even higher upper bound of defense budgets spent on eVTOL aircraft,
under the assumption that eVTOL aircraft would be adopted more widely as the technology improves
and the market matures. Specifically, we assumed that the U.S. military budget share spent on
eVTOL technology is the same as the share of the entire aircraft procurement budget in 2022;
furthermore, every country in the world will spend the same share of their military budgets on

eVTOL aircraft as the United States.>®

36 The Fiscal Year 2022 President’s Budget for aircraft includes $5.4 billion for helicopters and cargo aircraft procurement. Of
this total, $1.4 billion is for the USAF’s C-130] Hercules cargo airplane program, and the remainder is for helicopters for the
Army, Navy, and Marine Corps.

37 For the international budget-share calculations, we used the five-year average of each country’s military spending, averaged over

2016-2020, from SIPRI’s Military Expenditure Database (SIPRI, undated).

38 Because we present military demand as a share of total projected eVTOL world demand, our forecast inherits the assumptions
underlying Morgan Stanley’s demand forecasts (Jonas et al,, 2021); consequently, our results are sensitive to Morgan Stanley’s
forecast errors. Furthermore, we forecasted military demand for each country as a share of that country’s overall annual military
spending averaged over the 2016 to 2020 period under the assumption that, at each forecast horizon, every country in the world
spends the same share of its military budget on eVTOL aircraft.
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Figure 4.1 summarizes our results. We estimated that global military demand is very unlikely to
exceed 24 percent of the global market in 2030 and that it is very unlikely to exceed 0.64 percent of
total world demand in 2050. At both time horizons, we forecasted that U.S. military demand would
constitute about 40 percent of world military demand. The drop in military demand share over time
occurs despite the share of global military budgets spent on eVTOL aircraft rising from 0.8 percent in
2030 to 3.2 percent in 2050—a 316-percent increase.

Figure 4.1. World eVTOL Demand in 2030 and 2050, by Region and Sector, at Time of Writing

2030 2050

Military Military

0.4%  Non-U.S.
=0.6% (world)

- U.S.

159 | Non-U.S.
(world)

- U.S.

World Total: $59B World Total: $9T

SOURCES: U.S. military and world military demand forecasts from RAND analysis based on data from SIPRI and the
2022 U.S. President’s Budget. World and U.S. nonmilitary demand forecasts from Jonas et al. (2021).
NOTE: Numbers may not add to 100 percent because of rounding.

Implications of Low Market Share for the USAF

Our military demand forecast of 24 percent in 2030 and 0.64 percent in 2050 represent highly
conservative top-end estimates. In contrast, Morgan Stanley’s updated 2021 demand forecast
estimates military demand as much lower: less than 6 percent for 2030 and 0.075 percent for 2050
(Jonas et al., 2021). What does this forecast suggest about the USAF’s ability to incentivize suppliers
to meet its unique demands? As a means of contextualizing this military demand forecast, we
compared it with what the U.S. Trade Commission defines as a supplier market share high enough to
warrant antitrust oversight. The concept underpinning antitrust regulations is that a supplier with
sufficiently high market share faces little competitive pressure and, therefore, has bargaining power in
its negotiations with consumers to demand higher prices than a competitive market would
theoretically allow (Mas-Colell, Whinston, and Green, 1995). Turning this argument around, we
propose that a buyer with sufficient market share would have enough bargaining power relative to
sellers to place unique demands on sellers. The U.S. Federal Energy Regulatory Commission typically
uses a threshold of 20-percent market share as precursor to monopolistic behavior (Spillman, 2012).
Applying this threshold to our military demand forecast, we concluded that the USAF would lack
sufficient buying power to ensure its defense-unique technical and supply chain are met, at least while
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the commercial market is rapidly growing.*® Military market share prior to 2030 could potentially
exceed this threshold with extremely aggressive military adoption of eVTOL, but there are few, if any,
signs that militaries around the world are preparing for such aggressive adoption or that major
eVTOL suppliers are pursuing defense markets at the expense of commercial ones. This does not
imply that it will be impossible for the USAF to acquire eVTOL platforms with unique specifications
in this market. Instead, we assert that the market is not naturally incentivized to prioritize the USAF
as a customer. As result, we found that the USAF would have to pay a premium over market value to
have USAF-unique technical and supply chain requirements met and, in fact, might struggle to have
some requirements at its desired timeline, even if it is willing to pay a high premium.

Data gleaned from our discussions with multiple eV TOL companies were consistent with this
market assessment. From these discussions, we learned that, while most companies are open to future
engagements with the USAF, they have little interest at this time in modifying their designs or
development processes to meet USAF-unique requirements. Instead, they emphasized their aim of
producing commercially viable products for initial operational rollouts; despite significant injection of
capital into these companies, there is little leeway for additional projects, especially projects that would
require reengineering. Any diversion of resources could delay achieving commercial viability, which
includes attaining FAA (or international) certification. This, in turn, would result in significant
financial losses, and relatively meager military contracts would not make up for these losses. A shift to
defense-unique platforms would require a significant boost in working capital, engineering personnel,
production facilities, and the like, which may simply not be feasible in the short term. There were,
however, exceptions to this general trend among our discussions. A small number eVTOL companies
explained that they were looking to hedge against the risk of slow or limited commercial adoption by
designing aircraft with dual-use capabilities. One eVTOL company revealed to us that it had
prioritized a defense-specific capability in its design based on USAF interest, but, again, this was an

exception not the norm.

Where Will eVTOL Supply Chains Be Located?

As noted earlier, the USAF will desire a supply chain that is both reliable and secure. What does
such a supply chain look like? This is a complex question. On the negative end of the spectrum (from a
U.S. point of view) is the scenario in which a foreign competitor dominates the supply chain. We have
observed this scenario in the case of the commercial sUAS industry, in which a single Chinese
Company, Shenzhen DJI Sciences and Technologies (DJI), came to control approximately 70 percent
of the global market (Wilson et al., 2020). As we introduced in Chapter 1 and will discuss more in the
next chapter, a core motive for Agility Prime and its early engagement with the U.S. commercial
eVTOL market was to avoid a repeat of this scenario.

39 In this context, we intend buying power to mean aircraft spending that is priced per aircraft. Contracts that include other
spending line items, such as research and development or long-term maintenance contracts, would not be included in our
definition. In fact, such additional nonprocurement spending might be a valuable approach to sweeten the pot for eVTOL
suppliers if they do not find aircraft sales to the military sufficiently profitable to justify diversion from commercial efforts. As
commercial market growth slows, eVTOL suppliers may look to more-specialized niche markets (such as military markets) for
sales opportunities.
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Is there similar prospect of the eVTOL industry becoming geographically concentrated or of a
single firm or firms from a single nation dominating the supply chain? From a different U.S.-centric
perspective, is it viable for the United States to attain secure and reliable supply chains exclusively via
domestic production (if doing so were even desirable)? To the extent that that eVTOL supply chains
are global, will there be redundant sources of supply across countries to improve robustness against
geopolitical tensions? To address these questions, we considered the prospects for geographical
concentration at the technology integration and final product assembly stage of the supply chain (this
is the stage at which worldwide sUAS production is highly concentrated) and then for sourcing of

materials and components across the supply chain.

Pros and Cons of Domestic Production

Before we start to answer these questions, we offer qualitative perspectives on the benefits and
drawbacks of different supply chain geographies that we have based on deductive reasoning and
experience. To start, clearly, a supply chain that is dominated by a single foreign nation, even a
nonadversarial one, is antithetical to U.S. interests because, in such case, there is no geographic
diversification in production to mitigate risks stemming from geographically based supply disruptions.
Furthermore, the U.S. government has little direct influence over how foreign-based suppliers prepare
for or recover from such disruptions. The U.S. government will also have little-to-no ability to
regulate foreign production.

U.S.-centric production might therefore seem to be the best antidote. Certainly, domestic
production has major benefits. For instance, closer physical proximity of production location to the
point of use reduces the risks associated with transportation of intermediate or finished products—
there are simply fewer steps in the production process at which things could go wrong. Moreover,
companies benefit from having production in close proximity to U.S.-based research and development
activities. In our interviews, several eV TOL suppliers stated that having in-house manufacturing
capability allows faster iteration between concept development and testing. Even in a scaled
manufacturing environment, synergies are likely: What is learned in the production environment can
feed back into improved product design and technology advancements. In terms of supply security and
reliability, domestic-based production provides the U.S. government more avenues for ensuring that
requirements are met, for instance by leveraging Defense Production Act tools or through legal and
regulatory oversight. Finally, domestic-based production would likely be less vulnerable to certain
types of adversarial activities, such as espionage or sabotage.

However, exclusive domestic production also has dangers. First, exclusive domestic production is
just another form of geographically concentrated production and so is also vulnerable to geographically
based disruptions. For instance, if domestic production is geographically concentrated within a region
of the United States, all production could be simultaneously disrupted by a single natural disaster,
such as a storm or earthquake. More generally, the United States could face such conditions as adverse
economic conditions or national policy changes that increase the risk of disruption for all U.S.-based
production; foreign production can improve resilience to this problem. Relatedly, in the event of U.S.
entry into armed conflict, U.S.-based industry might become a target of a foreign adversary attacks to

which foreign sources might be less susceptible. Finally, if the exclusion of nondomestic sources is
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based on policy rather than market forces, U.S. customers would likely face some combination of
higher prices, lower quality, and fewer choices relative to a regulatory regime admitting at least some
foreign sources (to see why, consider why policy would be required to enforce domestic sourcing if
considerations of price, quality, and diversity of sources would not be compromised by voluntary
exclusive domestic sourcing).

In sum, while foreign sourcing—especially reliance on a single country—clearly presents
important risks to supply security and reliability, as a whole, global supply is actually a boon to
reliability and certain aspects of supply chain security if there is redundancy in supply.

With these thoughts in mind, we forecasted what future eVTOL aircraft supply chains might
look like geographically and analyzed the implication of these results to supply chain security and
reliability.

Using the Automotive Industry as a Proxy for eVTOL Aircraft
While it is impossible to fully predict how eVTOL supply chains will evolve in either regard as the

market grows and matures, we considered the supply chains of other vehicle industries (helicopters,
small and large aircraft, traditional motor vehicles, and electric motor vehicles) that could provide
insights into the geography of future eV TOL supply chains. These industries all provide mobility to
people or cargo and, therefore, could overlap with future eVTOL demand. They also share features,
materials, and subsystems with eV TOL aircraft and, thus, could share supply inputs. We then pared
down the list. First, we wanted to focus on an industry that already has a mature supply chain.
Immature or emerging supply chains are going to be less stable and will change and, thus, are inferior
proxies for future mature eV TOL supply chains. Notably, this eliminates electrically powered motor
vehicles. We also looked for industries that might be comparable in size to the future eVTOL
industry, as large markets might have more redundancy in supply chain inputs and other unique
features as compared with small markets. Market size excludes a deep dive into helicopters, as the
helicopter market is much smaller than the predicted eVTOL market. Finally, not all of these
industries had readily accessible supply chain data.*

From this, we chose the automotive industry to be a reasonable, albeit not perfect, proxy for future
eVTOL supply chains. eVTOL market forecasts are primarily based on eVTOL aircraft serving as an
alternative to private and public land conveyance not as replacement for other aviation platforms.
Thus, eVTOL aircraft are intended to replace automotive traffic. Many components of eVTOL
aircraft are akin to those found in the latest generation of motor vehicles, including microelectronics,
composite materials, and advanced optical components, along with various autonomy-enhancing
features (note that this is true of modern aircraft as well). Total eV TOL market size is also predicted
to be very large, as is the motor vehicle industry. Additionally, the eVTOL market has been
fundamentally shaped by the formation of partnerships between eVTOL startups and automotive

40 T the best of our knowledge, there is no single, publicly accessible source of information identifying final assembly locations
for any of the contenders except for traditional motor vehicles. OICA (undated) provides annual worldwide motor vehicle
production statistics by country of final assembly. Similarly, there is no single, publicly accessible source of information on supply
chains for any of the contenders other than motor vehicles. Aggregated national supply chain data are available at the industry
level for motor vehicles through OECD “national source of value added” tables (2021). None of the other contenders are
identifiable as a distinct industry in the national-level statistics from which the industry supply chain data are derived.
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industry giants, a trend unlike anything seen with sUAS or even the commercial helicopter industry.
eVTOL supply chains are thus already heavily influenced by automotive supply chains.

As an example, the Toyota Motor Corporation began funding Joby Aviation in 2017; in 2019, the
two companies entered into a formal collaboration agreement that went beyond financial investment
to include direct Toyota support to Joby engineering, production, maintenance, service, and
operations (Garrett-Glaser, 2021). Shortly thereafter, Archer formed a partnership with the Fiat
Chrysler Automotive Group, with the agreement aimed at providing Archer access to Fiat Chrysler’s
supply chain, advanced materials capability, and engineering and design expertise. Per Archer
cofounder Adam Goldstein, “We are excited to team up with one of the world’s largest automotive
companies . ... There is now a clear path for Archer to bring mass production to this industry”
(Virginia Department of Aviation, 2021). Mercedes-Benz and Audi likewise had teamed up with
eVTOL firms in Germany and Italy, respectively.

Geography of Technology Integration and Final Assembly

Figure 4.2 shows the number of motor vehicles produced in 2018 across seven regions. These
figures represent the location of final product assembly. China, the rest of East and Southeast Asia,
Europe, and the United States all produced more than 10 million vehicles in 2018. Moreover, many of
these vehicles were produced for domestic markets. The scale of motor vehicle production is thus
proportionately more evenly distributed by geography than the absolute numbers indicate. For
example, in terms of total volume, China produced more than two and one-half times the number of
motor vehicles produced in the United States. However, on a per capita basis, the United States
produced one motor vehicle per 35 U.S. citizens, while China produced one motor vehicle per 20,
which represents a much lower gap between the two countries.*

The key takeaway here is that there is there is substantial dispersion in automotive technology
integration and final assembly across countries and regions, and this dispersion is greatly different
from what we see with the concentration of the sUAS industry. This is likely due to several factors,
including the fact that motor vehicles are larger and more expensive than sUASs. Higher shipping and
storage costs for larger platforms might incentivize production closer to the point of sale; the higher
price point for motor vehicles might make multiple production facilities more economically feasible by
leaving more resources per unit to cover fixed production costs.

We expect eVTOL final assembly geography to look more similar to motor vehicles than to
sUASs for other reasons as well. eVTOL companies must obtain certification from national aviation
safety regulators to fly their aircraft, which could at least subtly drive different platform technical
requirements, creating a cost and capacity obstacle to any one firm rapidly dominating global markets.
Furthermore, eVTOL use case characteristics lead to different optimal platform configurations;
differing use case requirements for distance, speed, payload, battery charging duration, platform
maintainability, and many other mission dimensions might mean that no one platform will dominate
across all eVTOL applications. In turn, this might favor a fragmented industry structure as firms
develop intellectual property and manufacturing capacity tailored for select eVTOL use cases.

4 According to World Bank population statistics, in 2018, the United States had a population of about 327 million, and China
had a population of 1.4 billion (World Bank, 2022b).
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Figure 4.2. 2018 Motor Vehicle Production, by Region
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SOURCE: RAND analysis of data from OICA (undated).

Geography of Material and Component Supply Chains

As an additional measure, we assessed the sources of material and components that feed into
production across the supply chain. Admittedly, it is more difficult to collect information on supply
chain structure below the level of final assembly. Firms sometimes manage only their immediate
suppliers and, therefore, do not have information about sources of supply beyond their immediate
suppliers. When firms do have such information, they may avoid sharing it because they consider their
supply chain composition proprietary information. Furthermore, supply chain composition is subject
to continuous change as firms change sources of supply and as businesses fail, start up, or change
corporate structure (O'Connell et al., 2021).

Here, we leveraged publicly accessible global economic data from OECD on the national source of
value added in the final demand for industrial segments (defined by International Standard Industrial
Classification codes) in different markets across the world.* Unfortunately, there is no distinct
industry encompassing sUASs (or UASs more generally). However, motor vehicles are a distinct

42 Specifically, we use trade in value added data from the OECD. These tables, which are derived from input-output tables, show
how a country’s final demand for goods and services from an industry is composed of goods and services produced by various
industries in many countries. In a sense, these tables provide recipes for each of a country’s industries in terms of inputs provided
by industries across the world. A benefit of this approach is data comprehensiveness; input-output tables are widely used by
governments, businesses, and international agencies and, therefore, are based on well-validated data. A drawback is that the data
are available only at the industry level, not at the product or firm level. To supplement this analysis, we also held discussions with
major U.S. eVTOL firms, during which we asked questions about current production facilities and supply chains and about
plans for scaling production as markets mature and expand.
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industry in the OECD data, as are certain inputs for motor vehicles (OECD, 2021). For inputs
relevant to both automotive and eV TOL aircraft production, we looked at electronics, metals, and
nonmetallic mineral products (the industry into which carbon fiber is classified).

Figure 4.3 shows the share of the value of a motor vehicle sold in the United States, China, and
the entire world that is attributable to labor and materials provided by each of seven regions. This
value-added measure accounts for the entire supply chain for the final product, from raw materials to
final assembly. For instance, the top panel of Figure 4.3 shows that, on average, 54 percent of the final
value of a vehicle sold in the United States is created by domestic production activities and materials—
the U.S. share of value added for a vehicle sold in the United States is 54 percent. The remaining
sources of value added for vehicles sold in the United States are as follows: Canada and Mexico (13
percent), Europe (12 percent), South and Central America (1 percent), East and Southeast Asia
excluding China (11 percent), China (6 percent), and all other countries (3 percent).

Figure 4.3. Motor Vehicle Supply Chains for the United States, China, and the World

U.S. - Final Demand

u.s.

North America (Excluding U.S.)
Europe

South and Central America

Other Regions

East & SE Asia (Excluding China)
China

World - Final Demand

u.s.

North America (Excluding U.S.)
Europe

South and Central America
Other Regions

East & SE Asia (Excluding China)
China

China - Final Demand

u.S.

North America (Excluding U.S.)
Europe

South and Central America
Other Regions

East & SE Asia (Excluding China)
China

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Share of Value Added from Each Region

SOURCE: RAND analysis of Trade in Value Added tables for Motor Vehicles in 2018 from OECD (2021).

The middle panel of Figure 4.3 shows that supply chains for motor vehicles are, on average, global.
World demand for vehicles is met through goods and services contributed by every region in the
world, with substantial shares of total value being provided by the United States (16 percent), Europe
(27 percent), East and Southeast Asia excluding China (14 percent), and China (24 percent).
Comparison of the top and bottom panels of Figure 4.3 shows that supply chains for domestic
markets are global as well, even among the two countries (the United States and China) accounting for
a combined total of 40 percent of value added in world vehicle markets; 46 percent of the value added
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for vehicles sold in the United States is provided from outside the United States; and 18 percent of
value added for vehicles sold in China is provided from outside China. Although supply chains are
global, there does appear to be a bias toward domestic sources of supply, at least for U.S. and Chinese
vehicles, suggesting that there are multiple global sources of supply for at least some inputs required
for vehicle production.

While activity throughout the entire supply chain is accounted for in the value-added data, an
important limitation is that the data are aggregated across industries and countries and do not identify
specific supply chains for any given vehicle. The data identify supply chains only by national source of
inputs identified at the industry level. In the context of this analysis, this means that the data do not
allow us to identify whether the value added from any regional source represents a dependency. For
instance, while South and Central America provide only about 1 percent of value added for vehicles
sold in both the United States and China, it might be that there are no other sources of supply in the
world for whatever good or service comprises that 1 percent of value. Put differently, these data alone
do not allow us to answer such questions as these: (1) Which Chinese industries contribute the 6
percent of value added in U.S. vehicles attributable to China? (2) Could that 6 percent could be
replaced by non-Chinese sources? (3) Could China, the United States, or any other country could
produce any motor vehicles at all without resources supplied by other countries?

To further investigate the dependency of supply chains on specific countries or regions, we
examined sources of value added for three industries providing manufactured goods on which both
motor vehicles and eVTOL aircraft rely: electronic equipment, metal, and nonmetallic mineral
products. From this analysis, we determined the following:

o Electronics, metals, and nonmetallic mineral product supply chains are global in nature, with
some bias toward domestic value added.

e Compared with the world market for motor vehicles, world markets for electronics derive a
larger share of value added from China (31 percent for electronics versus 24 percent for motor
vehicles) and the rest of East and Southeast Asia (23 percent for electronics versus 14 percent
for motor vehicles).

o Compared with Chinese markets for motor vehicles, Chinese markets for electronics derive a
larger share of value added from nondomestic sources, particularly from the rest of East and
Southeast Asia (19 percent for electronics versus 5.3 percent for motor vehicles).

e The most notable distinction between value added for motor vehicles and metals is that a far
larger share of U.S. demand for metals is provided domestically (73 percent of metals versus
54 percent for motor vehicles).

e A far larger share of U.S. demand for nonmetallic mineral products is provided domestically
(78.5 percent of nonmetallic mineral products versus 54 percent for motor vehicles).

e Compared with motor vehicles, a smaller share of world demand for nonmetallic mineral
products is provided by China (14.5 percent for nonmetallic mineral products versus 24
percent for motor vehicles).

In sum, although the available data do not enable us to identify foreign dependencies for specific
motor vehicle inputs, we can conclude that supply chains for motor vehicles sold in the United States,

China, and the world as a whole are all global in nature. Moreover, markets for three industries

60



supplying critical motor vehicle inputs—electronics, metal, and nonmetallic mineral products—are
also global, although, again, the data do not reveal specific supply chain dependencies. These findings
are consistent with longstanding published economics research suggesting that firms have become less
vertically integrated in the past several decades, with strategic sourcing choices leading to “economic
interdependence through regional integration” (Buckley and Ghauri, 2004). If eVTOL supply chains
follow similar patterns to those for motor vehicles and are consistent with existing research on trade
patterns, we should expect that eVTOL demand across the world, including demand in the United
States and China, will tend to be met by supply chains that span the world.

Other research, including our own interactions with eVTOL firms, has shown eVTOL foreign
dependence on crucial inputs, such as batteries and microchips. DoE’s National Blueprint for Lithium
Batteries: 2021—-2030 (Federal Consortium for Advanced Batteries, 2021) emphasizes the strategic
importance of access to batteries for several key industries, citing an finding from Benchmark Mineral
Intelligence that, in 2020, China produced 76 percent of world lithium-ion battery supply to the
United States’ 8 percent, a ratio not expected to change significantly by 2025, even accounting for
existing plans for new plants across the world that will more than triple world production. A recent
U.S. Department of Commerce survey showed the severity of semiconductor supply constraints, with
such industries as carmakers seeing semiconductor inventory fall far enough “to slow or suspend
production” (Swanson and Edmondson, 2022). Global semiconductor production is geographically
concentrated, with Taiwan alone accounting for more than 60 percent of global semiconductor
foundry revenue in 2020, and South Korea accounting for an additional 18 percent. Three firms,
Taiwan’s Taiwan Semiconductor Manufacturing Company Limited (TSMC) and United
Microelectronics Corporation (UMC) and South Korea's Samsung, account for 78 percent of global
revenue, with TSMC and Samsung being “the only foundries capable of producing the most advanced
5-nanometer chips” (Lee, 2021). Finally, an eVTOL supplier we interviewed identified magnets as a
critical input available only from foreign producers. A USGS report identified two permanent magnet
types among a list of critical minerals at risk of foreign reliance (Nassar, Alonso, and Brainard, 2020).

Implications of Supply Chain Geography

As noted previously, if the USAF finds value in e VTOL, it will seek to acquire aircraft that
achieve USAF-focused technical requirements through reliable and secure supply chains. The latter
focus will, in large part, be a reaction to what occurred in the commercial sUAS market. At the time of
this writing, the United States was home to several of the world’s leading eV TOL companies, and
these companies had tended to keep manufacturing in house to facilitate product development.
However, as the industry matures and moves from test ranges to real-world operations, our research
indicated that market forces would shift the geographical locus of eVTOL production and
technological leadership. A natural evolution of the market would be globally integrated supply chains
dispersed across multiple countries and regions. On one hand, this means that there is little threat of a
single U.S. competitor dominating the supply chain as seen with China and the commercial sUAS
market. On the other hand, while we should expect domestic production, we determined that the
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USAF cannot assume its demands for reliable and secure supply chains can possibly be met by
domestic industry.®

Instead, as for the automotive industry, we found that a variety of inputs to future eVTOL supply
chains are likely to be sourced from many nations. The future eVTOL supply chains are also likely to
be extremely complex. This provides benefits for the USAF in terms of supply reliability for inputs
where there is global supply redundancy.* However, as with so many other complex machines,
eVTOL aircraft suffer from dependencies for components, such as batteries and semiconductors,
whose manufacturing is highly concentrated in Asia.

In terms of supply chain reliability, redundancy of supply inputs is a benefit. It means that it is
hoped that, even in the face of attack or geopolitical tension, another supplier could increase
production to keep supply steady. However, inputs that are themselves geographically concentrated
(e.g., batteries) present major risks, especially in the face of geopolitical tensions in the Pacific. The
USAF is more likely to be concerned with reliability problems, especially those due to geopolitical
tension, than the commercial market. Consequently, we should expect commercially oriented markets
to evolve supply chains that are less reliable than the USAF would prefer.

Looking back to supply chain security, large and complex supply chains inherently introduce
opportunities for risk. It is a very daunting task for any company to try to monitor its supply chain at a
very detailed level, and the USAF itself struggles with this. This is not to say that there are not many
tools for supply chain risk management, but this is a fundamentally hard problem. This difficulty is
magnified for large supply chains that any complex machine will ultimately have. Furthermore,
geographical concentration of inputs along the supply chain—especially outside the United States—
provides excellent opportunity for targeted attacks with widespread consequences because there are no
redundant sources of input that can make up for the attack. eVTOL companies will certainly have to
contend with this. As we noted previously, fortunately for the USAF, the flying industry is heavily
regulated, so companies will have to contend with their supply chain risks. However, to the extent that
these requirements differ from other eVTOL customers, supply chain risks could actually themselves
drive new technical requirements that the USAF would likely have difficulty filling until the market
has substantially matured.

4 And this is not necessarily even a good idea.

4“4 Unfortunately, the data we had access to was not granular enough to tell us which inputs would be the most robust.
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Chapter 5

A Strategic Approach to Future USAF
Engagement with eVTOL Technology

Chapters 3 and 4 provided our assessments of prospective USAF applications of eVTOL
technology and important characteristics of the commercial eVTOL market, respectively. This
chapter integrates aspects of each in analyzing Agility Prime’s strategic approach and how the USAF
should engage with the commercial eV TOL market moving forward.

At the core of Agility Prime is the perceived need to evolve the USAF’s strategy vis-a-vis the
commercial sector to capitalize on emerging technology and maintain a competitive advantage over
peer rivals. As impetus, Will Roper, USAF Assistant Secretary for Acquisition, Technology, and
Logistics, explained that, unlike the Cold War, during which the U.S. government dominated research
and development of technologies relevant to national security, today “eighty percent of our
opportunities are out in commercial tech” (Roper, 2020a). In response, Agility Prime proposes a new
model for engaging with the commercial market that goes beyond rapid acquisition of emerging
technologies or even bolstering specific companies. Instead, Agility Prime aims to shape, drive,
accelerate, and even create the market itself (Roper, 2020a). With its focus on the commercial
eVTOL market, Agility Prime seeks to both gain from and demonstrate the broader value of this
strategic approach.

There is a nearly endless supply of emerging technology opportunities in the commercial sector,
with eVTOL representing just one piece of an extensive portfolio. The USAF, however, is resource
constrained, and opportunity costs are associated with investing in any specific technology. When
navigating commercial markets, the USAF must, therefore, be strategic in its choices. This goes
beyond simply picking the best or most promising technologies. With a given technology, it is also
important that the USAF interact with the commercial market in the right way, at the right time, and
in the right amount to optimize the portfolio across promising technologies and garner the most value
from its investments. The USAF’s strategy will necessarily vary from one commercial technology
opportunity to the next.

A Strategic Framework for Commercial Technology Opportunities

In this chapter, we present our assessment of Agility Prime’s strategy for engaging with the
commercial eV TOL market. Building on existing models of emerging technology markets and
strategic planning, we propose a scenario-based framework for assessing how the USAF’s strategy for
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engaging with the commercial market can and should vary across emerging technologies and then
apply this framework to the eVTOL case.*

Proponents have articulated two hypotheses about eVTOL technology and the eVTOL market
that underpin Agility Prime’s strategic logic. The first is that the emergence of eVTOL technology is a
transformative development in aviation, one that will have a significant, even revolutionary, impacts on
military operations. The second is based on a concern that, if the United States does not seize a lead
market position during a critical early time window, there is significant risk that the future supply
chain will be dominated by foreign entities to the detriment of U.S. national security.

We treat these two hypotheses—one focused on military application and the other on market

dynamics—as variables in our framework, represented as two axes in the quadrant chart in Figure 5.1.
The vertical axis reflects the military value of the emerging technology or the extent to which the
technology enables operational military advantage. On the low end of the vertical axis are the
technologies that add some practical value on the margins. At the very top of the spectrum are the rare
technologies that revolutionize some aspect of warfare and give the owners a dominant advantage over
military rivals. For military value, we also consider substitutability relative to existing technologies or
other emerging technologies: Are there other viable technologies that can provide the same or similar
capability?

The horizontal axis goes back to Agility Prime’s stated aim of shaping the commercial market. It
reflects the extent to which military investment in the early stages of technology and market development
can influence long-term market trends, particularly those relevant to military technical and supply
chain demands. For this measure, we incorporated two market attributes. The first is the relative size
of military investment, both current and forecast, relative to commercial-sector investment. The
second is the extent to which the market offers first or early mover advantages.

Our discussion of the eVTOL market in Chapter 4 pertained to long-term market characteristics
or trends, how we expect the commercial market to naturally evolve and mature absent external
intervention or interference. While we have drawn from our previous analysis that estimated the
anticipated proportion of market demand as the market matures, this chapter looks more narrowly at
variation in the early stages of market development that can potentially be leveraged to affect these
trends. This gets at Agility Prime’s core concept of an eatly, critical, and finite window in which the
USAF must aggressively and proactively engage with emerging technology markets to shape these
markets in a manner beneficial to the USAF and the United States more broadly.

4 We have drawn primarily from two existing models that similarly propose a two-variable, four-scenario approach to strategic
choice. The first is a well-known model of emerging technology markets focused on first-mover advantage as a function of the
pace of technological change and the pace of market evolution. See Suarez and Lanzolla (2005). The second is the more
generalizable scenario-based model of strategic planning developed by business consultant Jay Ogilvy over the past three decades.
Of note, Ogilvy has taught his model at the USAF's School of Advanced Air and Space Studies, which is widely considered the
USAF's premier academic institution for educating strategists. See Ogilvy (2015) and Ogilvy (2002).
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Figure 5.1. Emerging Technology Strategic Framework and Four Scenarios
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Again, we assessed the market’s sensitivity to military investment in terms of the relative weight of
investment and opportunities for first or early mover advantage, each of which can shift over time. The
concept of first-mover advantage highlights the cumulative and path-dependent benefits gained from
being the first to introduce a new technology or product to the market. The firm that establishes an
early lead has distinct, long-lasting benefits or competitive advantages over rivals, even if these rivals
subsequently offer a similar or even superior product.* The concept is widely accepted, but as several
economists have noted, first-mover status does not confer similar benefits in all cases. As noted in a
prominent study, “Business executives from every kind of company maintain, almost without
exception, that early entry into a new industry or product category gives any firm an almost
insuperable head start;” however, there is significant variation in first-mover advantage across markets,
and “much depends on the circumstances in which it is sought”(Suarez and Lanzolla, 2005; Chavez
and Chen, 2022).

A relevant implication is that, if opportunity for a first-mover advantage exists, even marginal
advantages afforded a given firm during the early stages of market development can have large,
disproportionate effects on the market moving forward. From DoD’s perspective, this opens the door
to influencing the market even if the USAF’s share of the market is forecast to remain relatively small.
However, the emerging commercial technology market that is most sensitive to USAF investment at a

given point in time—in terms of meeting USAF technical specification and supply chain needs over

* For a review of the literature on the mechanisms of market first-mover advantage, see Lieberman and Montgomery (1988).
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the long term—exhibits both the availability of first-mover advantages and a relatively high level of
USAF investment relative to the private or commercial sector.”

Given these two axes, we proposed four ideal-type scenarios, each with different implications for
how the USAF might engage with the commercial market.* The strategic choices associated with
each quadrant include the timing and aim of military engagement in the commercial market.* With
the latter, we distinguish between the aims of technology development and supply chain development.
Each considers the eventual procurement of a given technology, but the investment priority differs.
With the aim of technology development, investment maps to a clearly defined military requirement,
and the pace of investment aligns with the pace of delivery. For supply chain development, investment
is meant to promote, stimulate, or even resuscitate the domestic industry absent a clearly defined
military requirement or production schedule. The long-term goal is to have a secure and reliable
secure chain that is resilient to attack and robust against a range of possible disruptors. These aims are
not necessarily mutually exclusive, but, with any given investment, the weight of intent will likely fall

in one of the two directions.

Scenario A: High Military Value, Low Market Sensitivity to Military
Investment

In our first scenario, an emerging commercial technology offers relatively clear military value,
either substantially improving an existing capability or filling an important capability gap. The military
not only wants to acquire the technology relatively quickly but also seeks to establish a secure and
reliable supply chain. Given market characteristics, however, any early moves are unlikely to affect
long-term market developments. To start, the market is not conducive to first or early mover
advantages. If the domestic industry lags initially, it should be able to catch up later, given adequate
domestic demand. Such a delay may even accrue benefits relative to first or early movers (Shankar,
Carpenter, and Krishnamurthi, 1998; Xie, Donthu, and Johnston, 2021). Furthermore, the size of the
commercial market and the extent of private capital far outweigh any realistic military investment. The
military is just one potential customer among many and a relatively small one at that.

Under this scenario, a solicit-the-market strategy is generally appropriate. Such an approach
emphasizes technology development and most closely resembles a traditional contracting model in
that the military is more interested in exploiting developments in the commercial market than

influencing the commercial market. It centers on defining a military requirement, allocating sufficient

47 There is a temporal element associated with these factors in that each may change over time, creating windows for different
strategic approaches.

48 Our quadrants represent single, ideal-type scenarios, while the underlying variables are continuous. Accordingly, although we
emphasize variation across scenarios for purposes of analysis, there can be significant variation within a given scenario.

4 With most emerging commercial technologies, uncertainty about both military value and market sensitivity to USAF
investment is likely. Looking at any technology in isolation, a natural approach would be to mitigate this uncertainty by
employing a robust strategy based on “the systematic construction, testing and selection of short-term actions that will be
consistent with long-term goals over many alternative futures” instead of optimizing for a single set of planning assumptions. In
the face of an extensive array of technology opportunities, however, a robust decisionmaking approach becomes problematic. It is
not feasible for DoD to achieve a similarly high degree of robustness with every emerging commercial technology of interest

(RAND Pardee Center, undated).
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funds toward this requirement, and then letting the market respond. This does not necessarily imply a
slow, drawn-out acquisitions process or Cold War model; the military has made significant strides
through such organizations as AFWERX to accelerate the procurement of commercial technology
and deliver this technology to the warfighter in a timely manner. This is not just limited to the
acquisition process; the military can provide incentives to accelerate the technology itself but only to
the extent the technology fulfills a pressing military need. As discussed in Chapter 4, the more USAF
specifications diverge from commercial standards, the greater the premium the USAF will have to pay.
Under this scenario, the military will weigh the benefits of early acquisition in view of time-sensitive
military requirements against the potential trade-off of getting locked into a less capable and less
proven version of the technology, with a subsequent need to upgrade. Early acquisition may provide a
short-term boost to individual firms, but this is of secondary concern because early military
investment is unlikely to have significant impact on supply chains within the commercial market in the

long term.

Scenario B: High Military Value, High Market Sensitivity to Military
Investment

With our second scenario, the emerging technology likewise offers a relatively high degree of
military value. But there is greater risk of the United States losing key elements of the supply chain if
the domestic industry does not get an early start and little opportunity for recovery, given that the
market is conducive to first-mover advantages. Furthermore, the size and complexity of the market are
such that military investment can tip the scales. Accordingly, the military can have a meaningful
impact on both the short-term viability and long-term competitiveness of the domestic industry,
particularly if the military intervenes in the market early on.

This quadrant drives the most aggressive strategic approach, which we label shape the market.
Here, the military invests heavily in domestic industry to bolster commercial development well before
and independent of any expected return in terms of military capability. Unlike the solicit-the-market
strategy, which is a technology- or capabilities-driven approach, shape-the-market strategy is
concerned primarily with developing the commercial industry first, with vague intention of acquiring
the military capability further down the road. Thus, DoD’s up-front investments may be associated
with performance goals but are not necessarily tied to delivery. This quadrant incentivizes earlier
acquisition, as soon as the market yields a minimum viable product. Furthermore, even if this is not
optimal from a resource and fleet management perspective, the military will be more apt to support

and acquire products from multiple domestic sources.

Scenario C: Low Military Value, High Market Sensitivity to Military
Investment

In the third scenario, the perceived military value of the emerging technology is substantially
lower, or at least there is a much greater degree of uncertainty associated with the military value.

There are likely some useful DoD applications, but there is no clear or pressing need. The risk of

67



losing control of the supply chain remains significant because of first-mover advantages within the
market, but the strategic implications are less severe.

This scenario leads to a seed-the-market strategy that emphasizes hedging and small investments
without acquisition commitments. This is marked by incentivized prototyping to include various
innovation or technology demonstration competitions. We see some of the same types of activities as
with a shape-the-market strategy but at a smaller and more economical scale. In his articulation of
Agility Prime’s shape-the-market strategy, Dr. Roper effectively distinguishes the two approaches,
explaining that, as the USAF looks ahead to emerging commercial markets, “[w]e don’t just want to
seed companies within the market. We want to shape, drive, and accelerate the market itself” (Roper,
2020a). A seed-the-market strategy is accordingly less ambitious and generally less costly, aiming to
encourage domestic development while the military conducts low-level testing and experimentation to
determine whether there are military applications and benefits not previously recognized. This
quadrant drives partial early acquisition limited to small batches as a hedging mechanism and with less
concern for spreading investment across multiple domestic firms. If a leasing option is available, DoD

will likely pursue this option over outright purchase once the market yields a minimum viable product.

Scenario D: Low Military Value, Low Market Sensitivity to Military
Investment

With the final scenario, the perceived military value of the emerging technology remains low.
Furthermore, the size and complexity of the market is such that any realistic level of DoD investment
is unlikely to affect future market development.

This scenario drives a survey-the-market strategy. The military closely monitors developments
within the commercial market while assessing potential military applications and potential cost
savings. There may be some military experimentation but with small investments and no big moves to
acquire the technology for operational use. There is particularly little incentive to acquire a minimum
viable product. Once the technology matures and demonstrates its value in the commercial market,
whether in terms of added capability or economic savings, DoD can engage with the market to acquire

the technology.

How Does eVTOL Technology Rate on the Military Value Scale
for the USAF?

We assessed the military value of emerging eVTOL technology for the USAF as moderately low
on our relative scale, somewhere in the bottom half of our four-quadrant chart. There is certainly
utility with eV TOL technology, as illustrated in Chapter 3. But from the perspective of the USAF,
eVTOL aircraft generally provide a substitute for existing capability. While this substitute offers
certain improvements, such as ease of maintenance, low acoustic signature, and reduced carbon
footprint, these improvements do not readily translate to significant operational advantages over
alternatives for USAF missions.

At its core, eVTOL is about changing the propulsion method or power source of an existing form

of conveyance; militaries have been utilizing VTOL aircraft for wartime purposes since the early
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1940s. There are multiple historical cases in which this type of change has had a major impact on
military operations. The shift from oared galleys to sail and then from sail to steam power represented
transformations in naval warfare. The emergence of the Me 262 jet fighter in World War II signaled a
new age of military aviation. The development of the first nuclear-powered submarine in place of
conventional diesel-electric models fundamentally altered the nature of undersea warfare (Kindy,
2021; Walsh, 2020).

In each of these cases, however, the change of propulsion significantly improved traditional
performance characteristics related to speed, range, access, and maneuverability. As an example, the
first nuclear-powered submarine broke numerous performance records within years of launch,
including the first submerged transit of the North Pole in 1958. At the time of this writing, current,
and even envisioned, eVTOL aircraft offered no such leaps in performance and did not come close to
matching existing VTOL aircraft, such as the CV-22, let alone other advanced VT OL aircraft under
development, including a range of products associated with the Army’s Future Vertical Lift (FVL)
program (Thompson, 2022; Bell Flight, undated; Lockheed Martin, undated). The FVL program
initially considered eVTOL technology but determined that the technology could not meet basic
mission requirements. For example, as mentioned in Chapter 3, proponents of eVTOL have pointed
to Special Operations and Combat Rescue as two viable use cases, but stakeholders within these
mission areas were not overly receptive when we spoke to them; the fact that eVTOL aircraft lacked
the power to hover for extended periods was seen as a significant shortcoming, particularly when it
comes to the rescue mission area.

For sake of comparison, Agility Prime’s ICO document specified three different eVTOL aircraft
classes, with the most advanced requiring a payload of at least 500 Ibs, a range of at least 200 miles,
and speed of at least 100 mph. Such performance would make the eVTOL slightly less capable than
the H-47, which was first certified for civilian use in 1946 and employed extensively for light lift by
the U.S. Army in the Korean War.”® In terms of range and speed, the Joby S4 and Beta ALIA under
optimal conditions came close to a basic, stripped-down version of the H-60 Blackhawk helicopter
developed in the 1970s without matching other key performance standards.

In general, organizations within the USAF that already operate vertical lift aircraft had little
interest in eV TOL technology and were predominantly in a wait-and-see mode, while interest was
relatively high among certain groups that extensively rely primarily on ground transport for daily
operations. In Chapter 3, for example, we presented the case of moving USAF security forces teams to
missile silos distributed across central Montana. But it is important to recognize that such groups were
primarily interested in acquiring a VTOL capability and did not necessarily care whether this is
achieved through eVTOL. At least in this use case, affordable flying is better than driving, with little

concern for noise signature and carbon footprint. Similarly, with our assessment of the benefits of

50 Concurrent with Agility Prime’s focus on eVTOL technology, the USAF has also initiated a high-speed vertical takeoff and
landing (HSVTOL) competition in collaboration with USSOCOM. In comparison with Agility Prime’s engagement with the
eVTOL market, the HSVTOL competition is more focused on making gains along traditional measures of performance than
developing a commercial market; specifically, the program aims to eventually replace the USAF’s CV-22 tiltrotor fleet. Toward
this end, the USAF recently awarded concept-development contracts to 11 of the 218 original HSVTOL entries, with most of
these entries employing some form of hybrid propulsion system to achieve speeds up to 400 knots and a range of 1,400 miles
while preserving effective hover capability (Gettinger, 2022a).
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eVTOL for ACE operations, we primarily compared movement via eVTOL platforms versus ground
transportation networks.

Proponents of eVTOL for military use note mechanical simplicity, improved safety, reduced
acquisition and operating costs, smaller carbon footprint, and lower noise signature as key advantages
over conventional VT OL aircraft. To the extent eVTOL aircraft cost less and are easier to operate,
they could serve to democratize air mobility, distributing access and control down to a much lower
level, opening the door to affordable quantity. Historically, advancements in military mobility—
notably the transition from horseback to mechanized land transport and then to air transport—have
been accompanied by an increase in centralization due to the cost, complexity, and support
requirements of the newer technologies. Advocates for eVTOL look to reverse this trend.

A lack of advancement along traditional measures of effectiveness is not an a priori reason for
dismissing the potential value of an emerging technology. The divergence from traditional measures of
effectiveness may, in fact, signal greater potential for a revolution in military affairs, driving or at least
opening the door to a new paradigm. But in the case of eV TOL, lower operating costs and the
resulting potential for larger and more distributed fleets are not unique to eV TOL technology. There
have been small, reliable, and relatively inexpensive vertical lift options in the commercial market for
years, albeit not battery powered. As described in Chapter 2, we assessed that existing light
helicopters, such as the R-66 and MD-500E, offer lower purchase costs and lower operating costs
than most eVTOL aircraft of interest to Agility Prime. Had there been significant military advantage
or requirement associated with operating a fleet of such assets, DoD could have developed this
capability without eVTOL technology long ago.”!

Other benefits of eVTOL aircraft, such as low noise signature and carbon neutrality, are of
particular importance to the commercial market and for the primary application of urban mobility.
However, these benefits are less likely to be major considerations in the military market. Even here,
though, the newest models of light turbine-powered helicopters are being designed to run on
sustainable aviation biofuels (Blain, 2021b). Furthermore, the acoustic signature of a vertical lift
aircraft with rotors is determined primarily by rotor aerodynamics, not the power source. Although
turbine-powered aircraft will likely never be as quiet as their battery-powered counterparts, the
commercial helicopter industry has yielded significant advancements in quieter engines and rotor
designs to reduce aerodynamic noise, and these will continue to improve (Airbus, 2015; Brotak,
2021). To the extent that DoD requires a relatively quiet and carbon-neutral vertical lift platform, the
commercial eVTOL market offers a potentially viable path but is not the only path.

Will eVTOL Transform Military Operations in the Future?
As noted earlier, proponents of eVTOL technology within Agility Prime envision that eVTOL

will have a significant, even revolutionary, impact of on future military operations. Even if this military
value is not immediately evident, it is necessary to be cautious in disregarding such claims. Across the

history of revolutions in military affairs, the potential value of the underlying technology was often

1 We assessed, for example, that the operating costs of the conventional Robinson R66 lightweight helicopter were
comparatively lower than those of the Joby S4 or Beta ALIA eVTOL aircraft.
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missed early on and only became apparent over time. The British Admiralty, for example, was
infamously slow to recognize the potential of steam power for naval warfighting. Within the U.S.
Army, debates over the relative merits of motorized vehicles compared with horse cavalry continued
well into the 1930s.

Such latency may reflect a lack of strategic foresight, but it is important to recognize that, in many
cases, early implementations of game-changing military technologies were inferior to the technologies
they would eventually dominate and replace. This certainly applied to early steamships, which were
too unreliable and too vulnerable to be used in a serious fighting role. Gunpowder was introduced to
Europe by the mid-13th century but did not have an important military impact for at least 200 years.
Describing the 14th century application of gunpowder, one European historian notes, “Early cannon
were inferior in every respect to the great siege engines: they were slow and small, they were limited to
firing bolts or ‘garrots’ and they had very limited range” (Bottomley, 1983). In this sense, the initial
tranche of eVTOL aircraft may have a lot in common with the early cannon, also being slow and small
with limited range in comparison with existing turbine-powered VTOL platforms.

There is certainly the possibility that eVTOL technology will transform military operations in the
future. Again, one should not readily dismiss such claims, even if the military value is not readily
evident. As discussed in Chapter 3, eVTOL aircraft could potentially help augment intratheater lift in
an ACE environment while remaining relatively impervious to attacks against the fuel storage and
delivery infrastructure. Perhaps there are other wartime use cases that would benefit heavily from
eVTOL (as compared with VTOL) that we simply did not identify.”> But, because the primary
advantages of eVTOL aircraft do not align with traditional measures of military effectiveness or with
the factors that matter most on modern battlefields, any transformational impact will likely emerge
gradually over extended time.

It is also important to understand that revolutions in military affairs are rarely driven solely by
new technology. Instead, they require the “assembly of a complex mix of tactical, organizational,
doctrinal, and technological innovations in order to implement a new conceptual approach to warfare
or to a specialized sub-branch of warfare” (Know and Murray, 2001). The appropriate mix of these
factors and the resulting change on warfighting is rarely understood or forecast in advance but,
instead, emerges through a messy, convoluted process that can take decades to solidify. In rare cases, as
with the introduction of thermonuclear weapons, the new technology is so disruptive that it changes
the strategic landscape almost instantaneously. With eVTOL, any transformation is more likely to
follow a gradual and emergent path shaped as much by the associated tactical, organizational, and
doctrinal innovations as by the technology itself. Accordingly, the USAF’s approach to the emerging
commercial eVTOL market in the near term should be driven more by market characteristics than
military value, and the USAF should continue to scan for mission areas where eVTOL technology

offers outsized leverage.

52 At the time of this writing, limitations in range and payload remained problematic, even in this context; at best, the eVTOL
aircraft could be expected to take over a very specific subset of lift requirements (for example, moving a few key medical personnel
or small amounts of crucial cargo).
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How Does the eVTOL Market Rate on the Sensitivity Scale?

We assess the sensitivity of the emerging eV TOL market to USAF investment as being relatively
low. This is due to both the size and complexity of the market and the limited opportunities for first-
mover advantage.

As discussed in Chapter 4, DoD is a relatively insignificant player in the commercial eVTOL
market because of the extent of private investment and extraordinarily large size of the anticipated
global demand. The USAF's share is even smaller. Even when applying what is likely an overestimate
of military demand, we assess that, in 2030, DoD’s requirement will account for approximately
9 percent of the market and will drop to 0.25 percent by 2050. A more conservative estimate suggests
that less than 6 percent of market demand will come from the military and government sector in 2030,
dropping even more to 0.075 percent by 2050 (Jonas et al., 2021). In the nearer term, private
investment capital far outstrips anything the USAF is willing to invest in early technology and market
development. Agility Prime funding, in particular, represents a drop in the proverbial bucket.

The market’s conduciveness to first or early mover advantage is more difficult to assess. Per a well-
established model of emerging technology markets, variation in first-mover advantage derives from the
pace of technological change relative to the pace of market evolution. The scenario most conducive to
first-mover advantage is one in which market evolution outpaces technology evolution. In contrast,
first-mover advantage is highly unlikely in a scenario in which technology outpaces the market. Our
assessment indicated that eV TOL best fits within the latter category. Given the billions of dollars
being poured into research and development around the globe, the rate of technological evolution is
best characterized on the high end of the spectrum. The market, on the other hand, is apt to lag. By
some estimates at the time of this writing, eV TOL were predicted to eventually represent a multi-
trillion-dollar global market, but that market is unlikely to mature to its potential for several decades,
the most significant anticipated growth coming after 2040. As noted in Chapter 2, numerous factors
unrelated to eVTOL technology—including political, regulatory, infrastructure, and cultural
barriers—are likely to slow market adoption.

When assessing opportunities for first-mover advantage within the eV TOL market, one must
look beyond the aircraft and consider the associated infrastructure as well. Within the electric vehicle
industry, for example, Tesla’s ability to gain and maintain first-mover advantage stems at least in part
from early development of a network of proprietary charging stations. Over the past five years, the
number of comparable electric vehicles in the market has grown enormously, but the same is not true
of charging stations. Tesla continues to dominate in this area; as of 2020, Tesla largest competitor had
a network only one-tenth the size of Tesla’s network, prompting one market analyst to observe that,
“[u]nless you buy a Tesla, you have few options for reliable route planning, guaranteed access, and
rapid public charging” (Bhargava, Boehm, and Parker, 2021). A similar advantage based on charging
infrastructure could theoretically be gained in the commercial eVTOL market. But a key difference
with the eVTOL market is the much greater number and diversity of eatly entrants. Tesla had a
lengthy window, nearly two decades, to develop its charging infrastructure without such competition
(Morris, 2021; Hove and Sandalow, 2019). The eVTOL market does not offer a similar opportunity.

The eVTOL market may not be conducive to first-mover advantage in the traditional sense.
However, at the time of this writing, a recent trend in the eV TOL market had provided a more
unconventional form of early mover advantage. This was the early establishment of key partnerships
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between select eVTOL startups and global manufacturing leaders. In Chapters 2 and 4, we discussed
the significance of partnerships between eVTOL startups and leading automotive firms. There has
been a similar trend, albeit less extensive, with the aircraft industry. Particularly, in 2022, Boeing
invested $450 million in the eVTOL startup Wisk Aero. As with Joby Aviation and Toyota and with
Archer and Fiat Chrysler, the relationship between Boeing and Wisk is more than a monetary one. As
the Wisk chief executive officer explained, “[w]e are incredibly fortunate to have Boeing as not only an
investor but a strategic partner, which provides us with access to a breadth of resources, industry-
leading expertise, a global reach, extensive certification experience, and more” (Nevans, 2022).

These types of partnerships are critical to the growth and competitiveness of eVTOL startups in a
crowded field, the value going well beyond the injection of financial capital. But the number of such
partnerships is limited, and who a company like Toyota chooses to partner with early on represents a
critical juncture creating future path dependencies. Thus, any factor that tips the scale toward a given
eVTOL startup as an industry partner early on provides a cumulative advantage over competitors in
the long term.

Another potential source of first-mover advantage in the commercial eVTOL market is early
flight certification. In the United States and many other domestic markets, the viability of the
commercial eVTOL industry, and of any given eVTOL company, is highly contingent on achieving
the appropriate level of certification to conduct flight operations. In the United States, for example, at
the time of this writing, the leading eVTOL companies were heavily focused on FAA approval
requirements; and Joby made news in spring 2022 for successfully completing its first-stage FAA
compliance review (Joby Aviation, 2022b). Gaining full certification well before competitors could
provide a company significant first-mover advantage because it would allow the company to become
entrenched with the relevant customer base before others had the opportunity to effectively compete.
But there are at least two reasons that this factor is unlikely to significantly alter the relevant eVTOL
market. First, multiple U.S. eVTOL companies were on similar timelines for FAA certification. Joby
may have been ahead as of this writing, but not by much. The time window to exploit early
certification will probably be too small to make much of a difference. Plus, there is a threshold
dynamic at play: Once the threshold has been crossed, it should be easier for subsequent companies to
gain certification. Thus, early certification should enable, not hinder, follow-on competitors. Second,
despite bilateral certification agreements, being first to FAA certification does not necessarily impart
first-mover status in the international market. The aim of Agility Prime is to bolster the domestic

eVTOL industry writ large over international competition, not to help one U.S. company beat out
another U.S. company (FAA, 2022; Trock and Matthews, 2022).

How Does the eVTOL Market Compare with the sUAS Market?
The standup of Agility Prime and its approach to emerging eVTOL technology was motivated by

China’s domination of the small drone market and the explicit desire to avoid a similar outcome with
the eVTOL market.® As one market analyst notes, the United States is acutely aware that it “missed

>3 The Chinese drone manufacturer DJI released its first consumer drone, the Phantom 1, in 2013 and by 2019 had captured 77
percent of the U.S. market (with the largest U.S. manufacturer lagging at 3.7 percent) and a similar share of the global market.
Multiple analysts credit DJI's dominant market position to first-mover advantages (Fulco, 2015).
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the boat” with small drones, and the security consequences of this failure “appear to have reverberated
around the corridors of the Pentagon” (“Agility Prime: The Pentagon’s eV TOL Power Play,” 2020).
In justifying Agility Prime, Dr. Will Roper highlighted the small drone case as a “cautionary tale” and
evidence of the pressing need for Agility Prime to engage with the commercial eVTOL market early
and proactively (Roper, 2020a).

Given the importance of the small drone analogy, it is useful to briefly consider how the small
drone case compares with the eVTOL case along our framework’s two axes. Overall, we assessed that
the DJI case falls somewhere up and to the right of the eVTOL market on our chart, exhibiting
both a higher level of military value and greater market sensitivity to military investment.

The higher rating for small drones on the military value rating scale is based largely on
substitutability. Again, to the extent there is a military requirement for a light, relatively inexpensive
VTOL capability, that capability already exists apart from distributed electric propulsion. In
contrast, the introduction of small drones filled a capability gap and allowed military units to
perform a diverse array of missions, such as base security, forward reconnaissance, and explosive
ordinance disposal, in ways that were not only far more effective but also relatively novel. It is telling
that, even after DoD placed a ban on the purchase or use of D]I drones in 2018, both the USAF
and U.S. Navy continued to acquire DJI drones under exemption “to support urgent needs” (Babb
and Hong Xie, 2019).

Looking at market sensitivity to military investment, the level of private investment in the eVTOL
market and the number of global companies involved far exceeded anything seen with the commercial
small drone market when DJI emerged on the scene and established its dominant position.
Furthermore, market dynamics suggest greater opportunities for first-mover advantage in the small
drone case. As discussed earlier, we assessed that, in the commercial eVTOL case, technology change
is outpacing market evolution; thus, per the model of emerging technology markets cited earlier, the
eVTOL market presented less opportunity for first-mover advantage. Following from this model, as
the pace of market evolution moves more into line with the pace of technological development, the
likelihood of first-mover advantage should grow. Multiple analysts have suggested that DJI gained
first-mover advantage with commercial small drones because DJI, in effect, created its own market
(Intuit, 2017). That is, the technology and market matured nearly simultaneously. As one economist

observes,

it is important to highlight that DJI has indeed invented its own market. Because DJI
developed every feature of its solutions . . . . Industries that have never used drones—
and maybe have never thought of doing it—found out they actually needed those
brand-new solutions that they have not even known of. (Pereira, 2022)

Such a proximate connection between technology development and market evolution did not exist in
the eVTOL case.

In sum, at the time of this writing, the eV TOL market was substantially different from that of the
small commercial drone market, and the DJI analogy—the analogy underpinning Agility Prime’s
approach to the eVTOL market—is a faulty one. In this case, DJI is not an appropriate cautionary
tale.
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Implications for Agility Prime
AFWERX's “prime model” (on which Agility Prime is based) for engaging with commercial

markets offers distinct benefits over a traditional contracting model, particularly for scenarios that
align with shape-the-market conditions. Whether the prime model is optimal for the commercial
eV TOL market is less evident.

We assessed USAF efforts to shape the eVTOL market as unlikely to have significant long-
term impact. This was due to the relative size of the commercial market and to market dynamics not
being conducive to first or early mover advantages. While we assessed that selective partnering with
industry giants provided an important form of early mover advantage, the relevant window was
largely past when Agility Prime entered the market. Looking at Joby Aviation as a key example, by the
time Agility Prime was created in 2020, external investment in Joby amounted to well over a billion
dollars, with approximately $400 million coming from Toyota alone. Furthermore, Joby and Toyota
had already formalized their research, development, and manufacturing partnership. Joby certainly
welcomed Agility Prime support, but Joby was already a leader in the emerging market; Agility Prime
support did not make Joby a leader. Similarly, by the time the USAF began collaborating with Archer
on flight testing in September 2021, Archer’s financial and manufacturing partnership with Fiat
Chrysler was already well established.

On a related note, proponents of Agility Prime propose that Agility Prime has had a significant
impact on the FAA certification process by providing access to USAF ranges and testing facilities;
this, in turn, has provided a significant boost, even first-mover advantage, to U.S. eVTOL companies.
There is no question that U.S. eVTOL companies benefited from this type of support; various
eVTOL stakeholders we spoke with specifically mentioned these benefits.”* However, as noted, we
did not assess that early certification would provide a significant first-mover advantage for U.S.
eVTOL companies, whether in the domestic or international commercial markets. The U.S. company
that first crosses the certification threshold may gain some short-term benefits over other U.S.
companies, but this is unlikely to shape long-term market trends, particularly on the scale of the global
supply chain. Furthermore, the bulk of testing and development funding for such companies as Joby
had come from private investment and industry partners; elements of Agility prime support are
unique, but scale still matters. Industry partners, such as Toyota and Boeing, have also provided
important testing and development resources beyond financial contribution, and eVTOL startups
that did not receive access to DoD test ranges were still managing to conduct test flights and had plans
to get through FAA certification. Thus, we assessed that, overall, access to USAF ranges yields a
unique but probably marginal benefit in this case.

5% Eirst, the USAF offers a regulatory environment that is more risk-tolerant than that of the FAA. Some companies have taken
advantage of this environment to obtain early military certifications and flight releases that provided valuable test-flight hours
that are useful for obtaining FAA certifications and for iteratively refining the companies’ eV TOL designs. Second, USAF
testing expertise, infrastructure, and pilots are unparalleled in the domestic market. eVTOL companies that participate in USAF
airworthiness activities (e.g., design and production evaluations) and aviation source approval and management may be better
prepared to meet FAA production certification and manufacturing approval requirements. Our discussions with some eVTOL
companies suggest that, supported by the Agility Prime program, USAF facilities and resources have indeed expedited the route
to FAA certification. However, leading U.S. eVTOL companies were also heavily engaged with the FAA years prior to Agility
Prime coming on the scene and had already established a rough plan for FAA certification that has not changed substantially
since (see “Joby Begins Conformity Testing . ..,” 2022).
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The USAF can undoubtedly find beneficial uses for eVTOL aircraft. Despite multiple viable
use cases, though, we assessed there is little pressing military requirement or advantage associated
with eVTOL technology. The main value in these use cases stems from having a large, distributed
fleet of lightweight and low-cost vertical lift platforms, not specifically from eVTOL technology.
This technology may eventually have a significant, even revolutionary, effect on military operations,
but this will likely only emerge gradually over decades, a possible exception being a black swan event
that rapidly and catastrophically reduces the availability of fossil fuels. In any case, transformation of
mobility for the military is most likely to follow and flow from a more general transformation of
mobility in society writ large.

The main downside of pursuing a shape-the-market strategy here is the opportunity cost
associated with directing resources toward the eVTOL market versus another emerging technology
opportunity with greater military value to the USAF and more sensitivity to USAF investment.
Comparatively, a survey-the-market strategy presents marginal risk, with the USAF watching the
market evolve and mature until a clear military requirement emerges or society shifts to eVTOL for
basic mobility to such an extent that the military naturally follows. We see something akin to the
latter currently happening with electric land vehicles as the U.S. armed forces are starting to warm
up to the broader national trend (Judson, 2021). Between 2019 and 2021, for example, the U.S.
Army purchased approximately 3,000 hybrid vehicles ad hoc. In early 2022, the U.S. Army
published a comprehensive climate strategy that calls for “decarbonizing” all nontactical light vehicles
by 2027 and all nontactical vehicles by 2035, with most of these being commercial-off-the-shelf
versions (Department of the Army, 2022). And by 2050, the Army hopes to field fully electric tactical
vehicles purpose-built for Army service (Department of the Army, 2022). Importantly, this shift is
not being driven by a military requirement or operational advantage but instead reflects the need to
adapt to trends in the public domain. The USAF’s adoption of eVTOL technology could evolve in
much the same way with little downside to U.S. national security or U.S. domestic industry. This
stands in sharp contrast with Agility Prime’s efforts to shape, drive, and accelerate the commercial
market,

The Prime Model Is Not a Good Fit for the Commercial eVTOL Market but
Shows Promise for Other Commercial Technology Opportunities

As noted at the start of this chapter, the USAF can and should vary its strategic approach with
different commercial technology opportunities to optimize investment of limited resources across a
portfolio of such opportunities. We assess that the prime model, with its sweeping objectives, is not a
good fit for the commercial eVTOL market. That said, application of the prime model to the eVTOL
market has provided important observations of how the model could benefit, even shape, a commercial
market that is a better fit,

There is little question that various eVTOL startups benefited from Agility Prime backing,
particularly from access to DoD ranges and testing facilities. Our discussions with a range of
stakeholders in the commercial eVTOL industry revealed three such benefits. First, USAF support
via Agility Prime played a role in attracting private investors to the industry. In fact, several eVTOL
companies advertised their partnerships with the Agility Prime program to potential investors under
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the explicit assumption that this would enhance the company’s credibility with these investors. Also,
investors revealed to our research team that Agility Prime backing did, in fact, influence their decisions
to target specific eV TOL companies.”® As noted earlier, however, private investors were flocking to
the eVTOL industry and contributing hundreds of millions of dollars prior to Agility Prime. In this
case, Agility Prime affected private investment on the margins; in other cases, however, similar effects
could be much more substantial.

Second, this case demonstrated that even small amounts of revenue from DoD sources in early
stages of development can help blunt the impact of investment volatility by awarding funding to firms
based on metrics related to successful technology improvement. Such an approach differs from that of
most investors, who prioritize market forecasts and get jittery when these forecasts fluctuate.
Stakeholders suggested to us that USAF funding—Dbeing tied to technology development with little
concern for the commercial market or even specific military requirements—was of particular benefit at
times when private investors were more apprehensive, such as during the early stages of the COVID-
19 pandemic. We also note that Agility Prime money was “free” and did not dilute shareholder
stock—this was certainly favorable to the company representatives with whom we spoke.

Third, industry stakeholders noted that unique, nonmonetary support, primarily in the form of
access to USAF ranges and testing facilities, helped mitigate technical uncertainties during
development. This in turn, facilitated the refinement of safety protocols and accelerated progress
toward meeting federal airworthiness certification requirements. Again, we assessed that access to
USAF ranges and testing facilities was a unique benefit in this case but likely affected the growth and
development of the domestic eVTOL industry only on the margins. With other technologies, Agility
Prime’s ability to affect certification for commercial use could matter more.

Through Agility Prime, the USAF has poured millions of dollars into the emerging commercial
eVTOL market despite lacking a requirement for eV TOL technology. Again, there is little question
that various eVTOL startups have benefited from Agility Prime backing; the effects are just notably
less than Agility Prime’s stated goal of creating a new industry and sparking a revolution in aviation
(Roper, 2020b). Overall, Agility Prime is likely to have marginal impact on long-term commercial
eVTOL market trends. This does not mean that the prime model, with its substantial resource
commitments, is flawed or lacks utility. There is certainly an imperative to evolve DoD’s approach to
emerging technologies in the commercial sector, and the prime model has the potential to offer
significant benefits; however, the commercial eV TOL market is not the best case to fully demonstrate
the value of the model. With other commercial technology opportunities, particularly those that offer
greater relative military value and greater market sensitivity to USAF investment, a prime model could
be a critical enabler. Thus, while not optimal for eVTOL technology, the prime model should be an

> DoD participation in an emerging market in which firms are otherwise largely dependent on investor funding also has several
potential drawbacks to consider. For instance, if the firms that find DoD partnership most appealing are those that firms’
investors have concluded are less likely to succeed in the commercial marketplace, DoD might systematically partner with firms
that are disproportionately likely to eventually fail. We did not evaluate any such selection mechanisms in Agility Prime
participation. Of course, selection could also work in the opposite direction (i.e.,, DoD partnership might instead exhibit selection
of the firms most likely to eventually succeed). Assessing potential selection biases of DoD-industry partnership pathways and
assessing other unintended consequences of DoD participation in markets for emerging technologies could be areas of future

analysis.
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important element of the broader USAF strategy for engaging with and capitalizing on emerging

commercial markets.
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Chapter 6

Options to Transition eVTOL
Technology to the Warfighter

As discussed in Chapters 4 and 5, our analysis of the anticipated characteristics of the eVTOL
commercial market and supply chain, as well as the prospective military value of eVTOL technology,
suggested that the USAF should pursue a strategic approach to eVTOL that falls within a survey-the-
market approach. However, we could be wrong. Perhaps eVTOL will transform USAF missions in
some currently unforeseen way, or a next-generation aircraft will be unexpectedly transformational.
The fact is that an unknown could cause the USAF to change its strategic approach. This uncertainty
drove us to investigate the following question: How should the USAF implement a survey-the-market
strategy that reflects the state of the market and eVTOL technology performance today but also
provides flexibility for much larger future acquisitions should the need arise? In this chapter, we
explore the options available to the USAF for transitioning an emerging commercial technology to the
warfighter and assess which could be appropriate for eVTOL technology. Next, we review lessons
learned from a set of case studies that represent recent emerging technology transition and apply the
lessons to eVTOL. We combine these findings to discuss implementation details of the most feasible
transition route for eV TOL technology. Finally, we consider more broadly the need to develop
additional transition routes for emerging commercial technology.

To develop the available set of options for transitioning emerging commercial technologies,
analyze their feasibility for eVTOL aircraft, and develop related recommendations, we reviewed
relevant policies and statutes, held discussions with a wide range of stakeholders, and conducted a set
of high-level case studies on five emerging technology transitions within DoD and the services.

Table 6.1 summarizes the five case studies, which vary in terms of service and market orientation, and

our rationale for including them.”® Appendix E provides detailed accounts of each case study.

%6 We were unable to identify a case that parallels the unique attributes of eV TOL aircraft: its commercial market orientation
and lack of capability sponsorship.
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Table 6.1. Emerging Technology Transition Case Studies

Initial Market Dominant

Technology Service Application Market Rationale for Inclusion
Palletized munitions USAF Defense Defense e Capability sponsored by a
(i.e., Rapid Dragon) nontraditional organization

e Experimentation to explore breadth of

military utility
Robotic Combat Army Defense Defense ¢ No validated capability requirement
Vehicle (RCV) e Significant experimentation efforts
MQ-1 Predator DoD/ Defense Defense e Transitioned from nontraditional to
USAF traditional sponsorship

e Included experimentation efforts
DIU’s Blue sUAS DoD/Army  Commercial Commercial e Commercially originated technology
program that underwent prototyping

e Transitioned through listing on U.S.
General Services Administration (GSA)
Schedule

Falcon 9 Spacelift USAF Commercial Defense ¢ Involved prototyping and commercial
service acquisition
e Grounded in policy to foster a
competitive U.S. commercial market

Options to Transition Emerging Commercial Technologies to the
Warfighter

Traditionally, technologies with defense-relevant capabilities have been developed organically by
DoD, most often driven by an operational capability gap. These technologies were then transitioned
to the warfighter through formalized acquisition processes that were tailored to organic development.
While the Defense Acquisition System has been reformed in recent years, DoD is still evolving the
processes to efficiently and effectively acquire commercial technologies that have derivative military
applications.” To determine how to best implement an appropriate strategic approach, we first strove
to understand the universe of possibilities for transitioning emerging commercial technologies to the
warfighter. Our discussions with DoD and the USAF SMEs and reviews of relevant policy and
statutes illuminated the set of transition routes available to the USAF for transitioning eVTOL or
other emerging commercial technologies.”®

Figure 6.1 presents a conceptual model of the predominant routes for transitioning emerging
commercial technologies to the USAF warfighter at the time of this writing.*” Four entry points to
transition routes are denoted with large arrows, with gray rectangular waypoints representing actions
that can be performed for the technology. Solid and dotted lines with directional arrows provide

57 See, for instance, Sec. 807 of the National Defense Authorization (NDAA) for fiscal year (FY) 2022 (Pub. L. 117-81, 2021).
>8 See Appendix F for further details on the methodology used.

er routes may be possible. Here, we focus on those that are most feasible and formalized in policy and statute.
*9 Other routes may b ble. H f those that t feasible and formalized in policy and statut
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routes from an entry point through waypoints that can be sequenced and iterated in a variety of ways.
Dotted lines represent parts of routes in which the technology has aligned with an operational
capability gap, while routes with solid lines do not require (but also do not preclude) that alignment.
All routes eventually lead to an endpoint at which the technology is deployed to the warfighter.

Figure 6.1. Possible Transition Routes for Emerging Commercial Technologies
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In this conceptual model, transitioning commercial technologies may involve six different actions

(i.e., waypoints):

1. Prototype: Design and build a technology (in physical or digital form) used to evaluate its
ability to perform as intended or to serve as a model for full scale production.

2. Experiment: Evaluate a technology’s feasibility and usefulness for a specific mission set
through testable hypotheses.®

3. Sponsor capability: Advocate for a major military capability need (that aligns with the
technology).

4. Purchase: Buy, lease, or acquire as a service, specifically as available in the commercial
marketplace.

5. Produce: Engage with vendor(s) to manufacture the commercial technology with defense-

specific modifications.

60 Prototyping and experimentation are designed to generate useful data to inform the acquisition process. For more information
on their uses in defense acquisition, see the Prototyping Guidebook (Office of the Under Secretary of Defense for Research and
Engineering, 2021b) and the Experimentation Guidebook (Office of the Under Secretary of Defense for Research and Engineering,
2021a).
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6. Deploy: Field the (purchased or produced) commercial technology to the warfighter for small-

or large-scale operational use.”'

These actions inform the next action taken. For example, experimentation with the commercial
technology may prove its value, leading to the technology’s purchase. However, it could also show that
defense-unique requirements are necessary to fulfill a capability, which instead could lead to a
prototyping effort. While not shown in Figure 6.1, these actions may also lead to an exit from the
conceptual model. For example, if prototyping or experimentation do not find a technology to show
appropriate value, actions with the technology may not be further pursued.

Entry points to a transition route begin at one of four waypoints. Entry A begins with the
technology entering the Adaptive Acquisition Framework (AAF),** only available once the technology
aligns with a sponsored capability. Entry B begins with a small-scale commercial technology purchase.
Entry C begins with prototyping, while Entry D begins with experimentation.

Finally, the availability of each route to a particular sponsoring organization depends on its
authorities (i.e., acquisition and/or capability sponsorship) and the technology’s value proposition
(e.g., alignment to a capability gap). A MAJCOM or USAF organization with equivalent authorities
can undertake any route portrayed in the figure. A subordinate organization (e.g., a USAF base) can
only begin at Entry B, Entry C, or Entry D and will in all likelihood conclude with small-scale
deployment.®®

Transition Routes by Sponsoring Organization

Given the iterative nature of this conceptual model, we next highlight and summarize the most

plausible transition routes for the two levels of sponsoring organizations.

Major Command Subordinate
A MAJCOM subordinate that intends to acquire (at a small scale) and deploy a technology that

does not align with a capability gap to meet its mission requirements can pursue any of the following

routes:

e Entry B: purchase the technology from the commercial marketplace for experimentation
or for small-scale deployment to use for operations and/or evaluation; or
e Entry C or Entry D: prototype and/or experiment (and iterate as necessary to meet

mission requirements) and, if these actions prove the technology’s value in achieving

61 In this model, small-scale and large-scale deployment are relative concepts, roughly aligned to the acquisition authorities
available at different levels of USAF organization. For example, a USAF base may be authorized to purchase a limited number of
items for deployment at a single training range or missile field (small scale), but a higher-level authority would be necessary to
purchase or produce more items for deployment across multiple ranges or fields (large scale). Premature termination is also
possible at any point along a route, resulting in failed transition.

62 Part of the Defense Acquisition System, AAF includes policies, procedures, and guidance for managing capability acquisition
through six acquisition pathways. See DoD Instruction 5000.02 (2020).

% While a MAJCOM or equivalent has the authorities for small-scale deployment (e.g., field a technology at one USAF base),

this is usually performed at a delegated level and is therefore not considered in this conceptual model.
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mission requirements, produce or deploy at small scale for operational use and/or

evaluation.

If the technology demonstrates value in fulfilling a capability gap through either of these routes, the
MAJCOM subordinate may present the technology to a MAJCOM or equivalent USAF organization
for acquisition through the AAF and large-scale deployment.

MAJCOM or Equivalent

A MAJCOM or equivalent USAF organization that intends to acquire (at a large scale) and
deploy a technology that aligns with a capability gap can enter the conceptual model through Entry A
to sponsor this capability. From there, the MAJCOM or equivalent can do one of the following:

e proceed with AAF for large-scale purchase through the commercial marketplace or
production of the technology with defense-unique requirements, and finally deployment

e proceed with prototyping and/or experimentation to determine AAF pathway.

When the technology does not align with a capability gap, a MAJCOM or equivalent USAF
organization that intends to acquire (at a large scale) and deploy that technology can pursue one of the
following:

1. Entry B: purchase the commercial technology for experimentation, and:

a. If the results demonstrate value in fulfilling a capability gap, proceed with AAF to
purchase at a large-scale for deployment.

b. If the results identify the need for defense-unique requirements, prototype to develop a
technology with defense-unique requirements and, possibly, experiment with this
prototype. If these new results

i. demonstrate value in fulfilling a capability then proceed with AAF for large-scale
production and deployment

ii. do not show alignment with a capability gap, then proceed to conduct large scale
follow-on production for deployment using authorities for other transactions (OTs).*

c. If the results do not demonstrate value in fulfilling a capability gap, deploy at the small

scale.

2. Entry C: develop a prototype with defense-unique requirements, and then possibly
experiment. Follow the choices in 1a through 1c, depending on the results of the prototyping
and/or experimentation.

3. Entry D: experiment with commercial technology and follow the choices in 1a through 1b,
depending on the results of the prototyping and/or experiment.®

% OT follow-on production requires completing the prototype OT.

% This entry point differs from Entry A, using partnership agreements rather than purchasing commercial technology. Note that
1c is not an option for this route, given that experimentation occurred through partnership agreements.
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Barriers to Transitioning Emerging Commercial Technologies

While exploring these transition routes, our discussions with DoD and USAF stakeholders
highlighted several barriers that organizations may face along the way when attempting to transition
an emerging commercial technology for large-scale deployment. Most of these relate to an
organization’s ability to sponsor a capability gap. We learned of numerous disincentives for functional
MAJCOMs to sponsor new capability requirements. For example, MAJCOMs manage a fixed budget
that must fulfill both immediate and emerging capability needs. Often resource-constrained,
MAJCOMs tend to prioritize immediate needs over emerging needs that could align with new
technologies. Capability sponsorship is further discouraged because, as an activity, it is also resource-
intensive and requires specific expertise that is often limited by workforce availability. By design,
functional MAJCOMs are organizationally siloed. For a technology that has enterprise-wide
applications, the value to any individual MAJCOM may not meet the threshold necessary to motivate
capability sponsorship, potentially leaving a collectively valuable technology unsponsored. Finally,
capability gaps traditionally align with primary operational missions. Technologies that fulfill
secondary or tertiary mission requirements, such as transport around bases or performing
maintenance at missile fields do not rise to the level of capability sponsorship. All of these
disincentives necessitate that a technology capability show clear and immediate value to be sponsored.
Experimentation activities are one way to demonstrate value. Yet, our discussions with relevant
stakeholders revealed that most USAF experimentation opportunities are aligned with sponsored
capabilities. This creates a chicken-and-egg problem: Obtaining capability sponsorship is difficult
without experimentation that can demonstrate a technology’s value, but to access such
experimentation opportunities, emerging commercial technologies must align with a sponsored
capability.

Partially to mitigate these difficulties, the USAF recently organized Air Force Futures (AF/A5), a
new office to identify enterprisewide capability needs for future force planning. However, USAF
stakeholders told us that formal processes and the necessary workforce to sponsor a capability were
still being developed. Other USAF organizations (e.g,, USAFE, PACAF) can sponsor a capability
requirement,® but they will face the same barriers as Air Force Futures. Discussions with several of
these organizations also suggested a reluctance to challenge these traditional processes because it
would break cultural norms that would create difficulties to get buy-in from senior leadership and
partnerships with relevant operational and acquisition communities.

Capability sponsorship is not the only route available to transition emerging commercial
technologies. However, our policy and statute review and stakeholder discussions revealed only one
other route that could lead to large-scale deployment of a technology in the USAF—that of follow-on
production of a prototype using OT authorities (Mayer et al., 2020). The flexibility of OT's allows for
nearly any organization with appropriate funding to develop a prototype and, if that prototype OT
award is competed, to produce it at a large scale. As a less centralized route than capability

% Note that DoD and USAF policies do not preclude any organization from sponsoring a requirement, but the Air Force
Directorate of Operational Capability Requirements guidebook on requirements development states that such responsibilities are
assigned to a MAJCOM or Headquarters Air Force organization (U.S. Air Force Directorate of Operational Capability
Requirements, 2020).
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sponsorship,”” however, using OT's presents different barriers. The policy and processes, for instance,
to develop the requirements for training, maintenance, infrastructure, etc., for an acquired system at
this scale are generally uncharted and not formalized. And, similar to untraditional sponsorship of a
capability, buy-in and partnerships may prove more difficult outside the traditional acquisition

process.

Noteworthy Transition Mechanisms

While the AAF is the traditional means for defense acquisition, our conceptual model offers other
mechanisms to transition emerging commercial technologies to the warfighter; important mechanisms
are listed in Table 6.2. Each mechanism in the table is accompanied by its associated waypoints from
Figure 6.1. Appendix F provides a summary of each mechanism’s level of authorization required, its
regulatory or statutory basis, and features selected for relevance to commercial technology transition.

Table 6.2. Select Mechanisms for Routes to Transition

Mechanism Relevant Waypoint(s)

OT for prototype projects® e Prototype
e Experiment

Follow-on OT production® e Produce (small or large scale)
Procurement for experimental purposes (“2373”)° e Experiment

Commercial solutions opening (CSO)? e Prototype
e Experiment
e Purchase
e Produce

Special commercial purchases® e Purchase (small scale)

NOTE: See Appendix F for additional key features of each of these mechanisms. Defense
Acquisition University (undated-a) provides information on more than a dozen mechanisms,
including these.

@ Authorized under 10 U.S. Code (U.S.C.) 4022 (renumbered from 10 U.S.C. 2371b).

b Can only be used for sole-source follow-on production if the original OT for prototype has
been competed.

¢ This mechanism is often known by its original location in statute (10 U.S.C. 2373). It has been
renumbered to 10 U.S.C. 4023.

4 A CSO can be used as part of AAF.

¢ Special commercial purchases include those authorized by 10 U.S.C. 3457, for treating
“products and services provided by nontraditional defense contractors” as commercial items
and streamlined procedures under Federal Acquisition Regulation (FAR) Part 13.

67 Capability sponsorship requires a centralized organization, such as the Joint Requirements Oversight Council or the Air Force
Requirements Oversight Council, to approve entry into the Defense Acquisition System (U.S. Air Force Directorate of
Operational Capability Requirements, 2020).
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Feasible Transition Routes for eVTOL Technology

Next, we evaluated the feasibility of pursuing each transition route for eVTOL technology. As
discussed in this section, our discussions with DoD and USAF SMEs and with eVTOL companies
and investors revealed that experimentation (after a small-scale purchase or through partnership
agreements) was likely to be critical to successful transition, with prototyping efforts (i.e., to design
and build eVTOL aircraft with defense-unique requirements) to follow, if needed, as more

information was obtained.

Begin with Sponsor Capability (Entry A)

Transition routes from the entry point of sponsor capability are the most numerous and flexible.
Once a technology can be acquired through AAF, market research, prototyping, and experimentation
can all be used to inform an acquisition strategy for large-scale purchase or production. However, as
discussed earlier in this chapter, MAJCOMs and equivalents face a large number of disincentives to
pursuing technology acquisition through capability sponsorship. The shortcomings of eVTOL
aircraft capabilities for MAJCOM missions, as discussed in Chapter 3, along with these disincentives,
had resulted in an unwillingness by the functional USAF MAJCOMs to sponsor a capability aligned
with today’s eVTOL aircraft. Indeed, we spoke with representatives of every functional MAJCOM in
the USAF. While many were excited by the technology, all responded with a desire to observe the
technology as it and the market mature. Discussions with AF/A5, which has the mission to identify
USAF enterprisewide capability needs for future force planning, also suggested that it was likely to
prioritize other capabilities at the time of this research. In summary, the feasibility of transitioning
eVTOL aircraft to the warfighter through capability sponsorship (as the initial entry point) at the

time of this writing was questionable.

Begin with Small-Scale Purchase (Entry B)

A small-scale purchase of eVTOL aircraft could take the form of buying or leasing the aircraft or
contracting with an eV TOL company to acquire as a service (i.e., the company flies and maintains the
aircraft), and is an option for a MAJCOM or equivalent or a subordinate organization. Given the
acquisition cost and recent trends among many subordinate organizations (e.g., bases, wings), these
organizations would most likely acquire the technology as a service. At the time of our research,
however, the leading eV TOL companies were still at least one to two years away from producing the
technology to fulfill customer agreements, and offering the technology as a service would likely trail
this production. Therefore, purchase (i.e., buy, lease or acquire as a service) by a MAJCOM
subordinate (e.g,, for deployment or experimentation) does not appear feasible right now.

A MAJCOM or equivalent, though, could feasibly buy or lease a small number of eVTOL aircraft
within the next few years (at least to test them operationally) through, for instance, special commercial
purchases. In this case, the MAJCOM or equivalent could deploy the technology for use in
continental United States (CONUS) peacetime operations (e.g., missile field security operations)
using existing grid infrastructure or mobile diesel generators. Recharging stations could also be
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installed, and a small number of pilots would be required to fly the aircraft.®® Feedback from this use in
real-world operations could inform next steps (e.g., ability to fulfill a capability gap, the need to add
defense-unique requirements) and act as a form of experimentation. Alternatively, the MAJCOM or
equivalent could purchase eVTOL technologies for more-formal experimentation, although our policy
review and stakeholder discussions suggested that such experimentation opportunities for
technologies not aligned with a capability gap are limited. If formal experimentation is pursued, buying
the technology may be the only option because lease or service acquisition options may result in legal-

related barriers.

Begin with Prototyping or Experimentation (Entry C or D)

The transition routes that begin with prototyping or experimentation through partnership
agreements provide options for learning more about the technology and potential modifications
without major commitments related to resources, infrastructure, and personnel. For eVTOL
technology, these entry routes would most likely be pursued by a MAJCOM or equivalent.” While
Agility Prime has performed market research and received prototype eVTOL aircraft flight test data
across a variety of flying conditions (a very early type of experiment), we were not aware of defense-
unique requirements that would motivate the need for prototyping new eVTOL aircraft. The lack of
this information, however, does not preclude the possibility that such requirements exist. Given the
emerging nature of the technology and market, more experimentation is likely necessary before such
requirements can emerge. Recent Agility Prime efforts have proven the feasibility of a transition route
beginning with experimentation through partnership agreements. While using prototyping as an entry
point to transition is technically feasible, additional information to inform prototype requirements

would improve its success and increase the likelihood of continuing through a route to deployment.

Applying Experimentation and Prototyping Lessons to eVTOL
Technology

Our eVTOL technology transition route feasibility analysis pointed to Entry B and Entry D as
plausible paths forward for the USAF with respect to eVTOL. Both entry points highlight the
importance of experimentation to successful warfighter adoption, potentially with prototyping efforts
to follow. This led us to take a closer look at real-life experimentation and prototyping efforts in a
series of case studies previously introduced. The hope was that lessons learned from these case studies

(detailed in Appendix E) could help to inform next steps for potential USAF application of eVTOL.”

%8 The stations might very well be useful to other electric vehicles in the future.

% While it is plausible for a MAJCOM subordinate to pursue prototyping or experimentation of eV TOL technology, the

motivating factors to do so were not evident at the time of our research.

70 Note from Table 6.1 that only two of these case studies were oriented toward commercial markets and that, therefore, most
cannot be mapped to the transition routes presented in Figure 6.1. Appendix E discusses how these two cases align with our
transition routes. Lessons from the other three cases were derived in relation to other attributes they share with USAF use of
eVTOL aircraft, the most important being nontraditional means of capability sponsorship.
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Put succinctly, our research revealed that high-level stakeholder involvement facilitates
experimentation and prototyping efforts; when done well, such efforts can lead to buy-in from
targeted communities (e.g., operational) and their senior leaders. Successful experimentation and
prototyping demand engagement from multiple stakeholder communities (e.g., operational,
acquisition, test, and even industry) to identify relevant context and objectives, ensure these objectives
are integrated into the effort, and obtain interim feedback as the technology matures and, in turn, as
objectives are iteratively refined. All this, unsurprisingly, takes significant planning and stakeholder
willingness to view failure and rework as valuable outcomes. The mechanisms available to engage with
industry in these efforts, such as OT's and CSOs, are characterized by their flexibility to reward, not
punish, iteration and, thus, occasional failure. For example, our case studies showcase how OT's can be
used to support prototype development, test defense-unique modifications of commercial
technologies, and experiment through government-industry partnerships. Finally, the experimentation
and prototyping efforts we reviewed showcase creativity in their implementation. Experimentation can
take place outside a controlled setting (e.g., as part of military exercises), or use virtual environments
and tabletop exercises. Prototyping can take other forms than simply a one-off agreement with a single
vendor; it can split development incrementally or involve multiple vendors developing independent
designs. Both types of effort can engage industry in a variety of forms, including working with multiple
vendors and forging partnerships to iteratively refine the process and the technology itself.

What does all of this tell us about future USAF efforts with eV TOL technology? For one,
experimentation and prototyping efforts for eV TOL aircraft need a champion. Originally, Dr. Roper
championed USAF’s engagement with the eVTOL industry. With Dr. Roper’s transition to industry,
that high-level stakeholder involvement is less apparent. Congress has supported and funded Agility
Prime efforts a few times (e.g., DoD, 2020; Public Law 117-81, 2021; DAF, 2022), but to our
knowledge, no senior leader has yet stepped forward to take Dr. Roper’s place.”" Securing such
championship could greatly help facilitate transitioning eVTOL technology at the small or large scale.

Supportively, Agility Prime does have deep and diverse partnerships across the operational and
training communities and with industry. For successful experimentation and prototyping efforts, these
partnerships will be critical to maintain and further develop. Ensuring that all these stakeholders are
aligned around the same set of objectives, specifically including ones that prioritize learning (above
success), should greatly improve the knowledge acquired from these efforts. The value that this
knowledge provides to potential capability sponsors could be the difference between a successful and
unsuccessful transition.

When planning experimentation and prototyping efforts, Agility Prime has numerous choices for
its implementation. The mechanisms available to engage with industry (e.g.,, OT's) are flexible enough
to support many of them. Agility Prime already owns several eVTOL companies’ aircraft simulators,
and those could be used in a variety of military exercises. (As already suggested in Chapter 3, we think
this would be especially prudent to test out different ACE concepts and scenarios.) If the simulators
require adaptation (e.g., putting a weapon or special communications device onto the aircraft), this
could be achieved through an OT agreement with Agility Prime. Agility Prime could also use special
commercial purchases to buy or lease, then deploy, a small number of eVTOL aircraft in peacetime

71 Based on our literature reviews and discussions with USAF servicemembers conducted for this project.
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CONUS military operations (e.g., security operations at missile fields) to collect operator and
maintenance feedback. Ideally the aircraft would be moved to different locations to evaluate their
usefulness for different mission sets. Not only would this allow Agility Prime to collect diverse
perspectives, but it would also showcase the technology. Infrastructure (charging and takeoff and
landing pad) requirements for these informal experimentation efforts should not be problematic, but
either pilots and maintainers would need to be trained or the eVTOL companies would have to
provide these services.

Real-world experience and feedback gained from these types of activities could naturally lead to a
set of defense-unique requirements for a USAF-specific eVTOL aircraft that would increase their
military utility. Almost definitionally, this will be several years in the future. At that point, a CSO
could be used to engage multiple eV TOL companies to prototype the design. There is an open
question as to whether or not eVTOL companies would bite at this prospect, and at what cost. Our
economic analysis suggested that leading eV TOL companies may be less likely to engage in such a
prototyping effort, given their focus on FAA certification and operational rollouts, a lack of resources
that can feasibly be dedicated to a brand-new aircraft prototype, and the glittery financial prospects of
future commercial operations. However, companies emerging in the industry at that point could show
interest, especially as the structure of the industry shakes out (as discussed in Chapter 2) and as
opportunities to control large parts of the commercial market become increasingly difficult or unlikely.
These companies will also likely have less-mature aircraft models, which could make it easier for them
to adapt their designs to USAF needs, although the likelihood that their aircraft ultimately fail is
likewise probably higher, given their relative level of maturity. Successes and failures of prototyping
efforts should still result in valuable knowledge (for example, about the art of the possible for eVTOL
technology).

All of this should better inform Agility Prime decisionmaking about how to proceed with eVTOL
technology.

Implementing a Survey-the-Market Approach

Our research led to the final conclusion that experimenting with and using eVTOL aircraft for
actual operations appeared to be the best path forward. The aircraft could be based, for example,
primarily at Malmstrom AFB. However, to gain the most experience with the aircraft, they should be
readily available to move for more formal types of experimentation or exercises (perhaps at an event
like Valiant Shield in Guam). While AFGSC could purchase the aircraft itself for its security forces
(note that the command did not appear ready to do so when we spoke to them), doing so would not
easily allow the aircraft to be rotated to other end users. Instead, at the time of this writing, Agility
Prime appeared better situated to perform the purchase. In addition to having the technical expertise
to ensure purchase terms and quality assurance of the purchased aircraft meet the need objectives,
Agility Prime and its larger organization, AFRL/AFWERX, had more general experience and
expertise in early prototype development. While the logistics of purchasing eVTOL aircraft is
ultimately a contractual issue, we next briefly expound on some approaches that Agility Prime can

pursue.

89



At the heart of our recommendation is that Agility Prime purchase a few eVTOL aircraft,

providing them to an end user (e.g., Malmstrom AFB) for operational use and include them as much

as possible in exercises. The purchase could use either special commercial purchases or a prototype

OT, which AFRL/Agility Prime has experience executing and for which it has the necessary

authorities (e.g., warranted agreements officers). T not trigger the need for higher levels of

authorization or waivers, a commercial purchase would need to be less than $7.5 million (FAR Part

13).7* This threshold is, at minimum, above the anticipated outright unit acquisition cost of one

aircraft or would allow the lease or service acquisition of multiple aircraft. While the dollar-value

threshold for higher levels of authorization for prototype OTss is significantly higher ($100 million),

several other conditions must be met to use the authority, including that the eVTOL aircraft must be

directly relevant to enhancing mission effectiveness and that it qualifies as a prototype, which, by

definition, includes novel applications of commercial technologies for defense purposes (Office of the

Under Secretary of Defense for Acquisition and Sustainment, 2018; Mayer et al., 2020).

eVTOL aircraft can be bought, leased, or acquired as a service under special commercial purchases

and prototype OT's. Each of these forms of purchase has advantages and limitations (in order of least

to most expensive):

Acquiring eVTOL aircraft as a service would allow Agility Prime to rely on eVTOL
companies for operations and sustainment. This would likely be the least expensive option.
The companies would provide trained pilots; perform maintenance; and even, possibly, be
responsible for air traffic control and installation and maintenance of the charging
infrastructure. However, at the time of this writing, it seemed likely to be at least two to three
years before any eV TOL company offered the aircraft as a service acquisition. Drawbacks to
this approach include that pilots hired by the eVTOL company would need to be trained for
military missions that differ from commercial use cases and would likely require security
clearances. Questions also remain about whether Agility Prime and eV TOL companies could
structure and concur on the legal language in agreements or contracts to perform formal
experimentation exercises.

Leasing eVTOL aircraft, while likely more expensive than service acquisition, could allow
USAF pilots to operate eVTOL aircraft. However, sustainment of the aircraft by eVTOL
companies could still be stipulated in the contract or agreement, meaning that separate
maintenance billets would not be necessary. However, USAF pilots would need to be trained
to fly the aircraft. Air Education and Training Command, in partnership with Agility Prime,
was in the process of developing these training materials and procedures, which would
facilitate the leasing option. But, similar to a service acquisition, questions remain about
whether Agility Prime and eV TOL companies could find a legal solution to leasing aircraft for
formal experiments. Agility Prime would need to be mindful about end-of-lease terms to
ensure there were no hidden costs for repairs. Finally, depending on the use case and location,

Agility Prime might need to develop a service contract for air traffic control.

72 EAR Part 13 provides for an exception to the simplified acquisition threshold (defined in FAR Part 2), for acquiring

commercial products and commercial services.
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e Buying eVTOL aircraft outright would provide Agility Prime with the most flexibility to use
and formally experiment with the aircraft but would also be the most expensive option.
Similar to leasing, USAF pilots would need to be trained, and a service contract for air traffic
control might need to be developed. In addition, Agility Prime would be responsible for
purchasing the necessary infrastructure. At least initially, Agility Prime would likely also
require a maintenance contract with the eVTOL company from which the aircraft was

bought.

Once purchased, our experimentation concept would require Agility Prime to transfer or loan the
property (i‘e., aircraft, charging station) and provide support services (i.e., operating, sustainment, or
air traffic control) to the end user.” While the legal and contractual details would need to be
developed by Agility Prime, mechanisms would need to be used that offer maximum flexibility to
Agility Prime to, for instance, rotate the end users of the eVTOL aircraft.

Improving DoD Acquisition Processes for Commercial
Technology

The dominant route to transitioning a technology remains that the operational community must
sponsor a capability requirement that is aligned with that technology. In the USAF, this role is
assigned to the functional MAJCOMs, which may be slow to respond to game-changing technologies
because such technologies do not always present as game-changing early in their evolution (Know and
Murray, 2001). While there are other technology transition routes, as outlined in this chapter, their
relative lack of and barriers to use suggest a need for the USAF to develop and test new processes for
emerging commercial technology transition before the next game-changing commercial technology is
discovered. Our case studies and discussions with eVTOL stakeholders contain real examples of
barriers people faced during technology adoption projects. The potential for technologies to succumb
to the “valley of death” in defense acquisition is a well-known problem, and the only way to fix it is to
develop mitigations for the known barriers, which includes more seamless, possibly, additional
transition routes and processes to acquire and experiment with small amounts of a new technology.
One approach that may hold promise is a centralized USAF warfighting laboratory that has sufficient

funding and independence to purchase and experiment with emerging commercial technology.

Transition Conclusions

While functional MAJCOM sponsorship is the most traveled transition route, it is not the only
option. In this chapter, we identified three other entry points for emerging commercial technologies to
transition to the warfighter. Deployment of the technology at a large scale will likely require further
experimentation and, possibly, prototyping efforts to support alignment with a current operational
capability gap, reveal a future capability gap, or prioritize resources for production of a defense-unique
eVTOL prototype in the absence of capability gap alignment. While we were able to identify a few

73 For example, using an intraservice support agreement (Air Force Instruction 25-201, 2013).
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experimentation mechanisms available to the USAF to better understand the potential of eVTOL
aircraft, most formal opportunities for experimentation are available only to technologies that align
with a capability gap.

The USAF still does have options to adopt commercial technologies through routes that are
alternatives to formal experimentation. One option for Agility Prime and eVTOL specifically would
be to purchase a small number of eVTOL aircraft and deploy them for peacetime operational use in
CONUS (i.e,, Entry A, small-scale purchase, then routing through experimentation). The aircraft
would provide direct benefit to an end user (e.g., base, wing) at little cost, as well as a wealth of
information to inform next steps for the USAF-eVTOL technology relationship. Collecting feedback
on this small-scale deployment while also socializing its success could further consideration of
capability-based sponsorship or prototyping efforts. This informal experimentation could be applied
in a variety of peacetime CONUS settings over the course of a few years, ensuring that use of the
aircraft and feedback about it are provided by operators.

A lower cost option for Agility Prime is to use existing simulators, or adapted simulators (adding
new environments, changing eV TOL technology parameters, etc.), to explore eVTOL aircraft use in
military operations (i.e., Entry D, experimentation). Virtual experimentation provides quick feedback
and is particularly useful for wartime scenarios, such as ACE, but we think that the results will pale in
comparison with those garnered from live testing with real aircraft.

Our research on transition options suggests that proceeding to the next phase of transition after
experimentation, whether prototyping or capability sponsorship, is likely to take years. This timespan
may actually be advantageous for the eVTOL case: As the technology and the market mature, the
USAF has the opportunity adapt its strategic approach as well.
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Chapter 7

Findings and Recommendations

Throughout this report, we have woven together five distinct, yet related, factors for the USAF to
understand as plans are made for future engagement with eVTOL markets and use of eVTOL
technology. First, we sought to understand the state of eV TOL technology, the operational plans that
the technology is being developed to support, and the market today. We also teased out adjacent
technologies that must succeed and regulations that must be wrestled with for the future
commercialization of eV TOL aircraft to reach its full potential as envisioned by its champions.

The resulting picture of eVTOL technology at the time of this research became the basis on which
we built a model of eVTOL aircraft to compare their utility and cost across a range of potential USAF
use cases in comparison with other ground and air vehicles that could do the same job. We identified
these use cases through a series of discussions across all USAF MAJCOMs and other stakeholders.
Next, we forecasted the ratio of future military demand to total projected demand of eVTOL
technology to understand the expected purchasing power and sway over aircraft technical designs that
the USAF should expect to have compared with the commercial market. We also compared the future
eVTOL aircraft supply chain with the supply chain for automotive vehicles. We used these results to
conclude that eVTOL technology would be unlikely to end up geographically centered in any one
country in the same manner as the sUAS.

The synthesis of this analysis drove the creation of a four-quadrant strategic framework to think
through what the USAF’s strategy should be, given the technical limitations of eVTOL aircraft at the
time and the USAF's relatively small projected share of the budding commercial market. From there,
we identified the existing set of transition routes that the USAF could conceivably use to adopt a
commercially developed technology and identified which appear appropriate for eVTOL technology
today and going forward. Finally, we thought through how the USAF can buy, lease, or acquire as a
service eV TOL aircraft for experimentation or small-scale operational use without a MAJCOM
sponsor.

In the next section, we summarize the most important findings. In the final section, we enumerate

our recommendations.

Major Findings

The use of eVTOL aircraft for urban mobility and commercial logistics may very well become
widespread in the coming years. Over the past 15 years, significant progress has been made in the
distributed electric propulsion systems that underpin eVTOL aircraft technology, and batteries have
become more capable and much less expensive. The combination of technical research and significant
investment resulted in several prototype eV TOL aircraft that have flown a combined tens of
thousands of test flights and have catapulted eVTOL companies from primarily being novel aircraft
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experimenters to being on the verge of having commercially viable products. To this end, eVTOL
companies were well capitalized, and industry leaders were at the point of transitioning from
prototypes to full scale production. That said, the commercial industry had and still has many hurdles
to overcome—FAA and international aircraft certifications to fly; local government airspace
regulations; air traffic control and rules of the sky; infrastructure development; pilot training; and,
perhaps above all else, earning public trust. It seemed unlikely that one company would dominate the
eVTOL landscape, and scaling operations would likely take decades. Despite this, the predominant
belief among eVTOL companies, investors, financial firms, consulting firms, and technologists is that
eVTOL aircraft will fly commercially and that the future market will be very valuable, perhaps to the
tune of hundreds of billions, if not trillions, of U.S. dollars.

Utility of eVTOL Technology for USAF Is Unclear

While the commercial business cass for eVTOL technology was strong enough to have attracted
billions of dollars of investment, the utility for the USAF was far less clear. Here, we think of utility as
being primarily defined by the trade-off between time savings and cost (eVTOL aircraft are faster and
more expensive than cars or trucks, and they are similar in speed to helicopters but cheaper). We
spoke with a large number of operational stakeholders, and none was ready to sponsor a capability
requirement that could lead to a formal eVTOL aircraft acquisition program. While some
communities were more enthusiastic than others, there was no evidence of pressing military need. To
look for clarity, we modeled use of the novel aircraft in two USAF-specific peacetime scenarios
(personnel mobility within test ranges and missile fields) and for ACE (where the eVTOL aircraft
essentially take over certain operational support aircraft roles in notional Polish and Filipino ACE
constructs). The findings are mixed.

It seems entirely plausible, from the perspective of both eVTOL aircraft technical performance
and electric charging requirements, that eV TOL aircraft could be used to shuttle personnel around
test ranges, such as the NTTR, or even to and from workers” homes. However, our findings suggest
that the time savings and potential work-life balance improvements that these aircraft may confer do
not justify the associated costs. Similarly, eVTOL aircraft could support missile field operations,
specifically moving security forces and maintenance personnel around by air instead of by surface
transportation. Our analysis showed that this use case could help to reduce the number of security
personnel required to secure the missile fields around Malmstrom AFB by 367 people, allowing the
USAF to redistribute people to other places as needed. If the CONOP proves effective, the USAF
could potentially apply a similar version of it at its other two missile bases, F. E. Warren and Minot.

There are major differences between peacetime and wartime scenarios. During wartime, increased
costs are less of a barrier to operations, and larger risks can become acceptable. Furthermore, during a
conflict, access to host-nation infrastructure, such as roads or ferries, can disappear or become
intolerably slow because, for example, of security check points or enemy action. A multitude of
RAND and other USAF studies also point to adversaries attacking assets important to aircraft, such
as runways and fuel tanks, which are nontrivial to repair. eVTOL aircraft, at least in their recent form,
cannot take over the roles of fighter; intelligence, surveillance, and reconnaissance; or tanker aircraft.

eVTOL aircraft could, however, provide lift for small numbers of people or supplies and, in this vein,
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could help offset some of the projected lift shortfalls of a future war. And, critically, eVTOL aircraft
could shuttle important cargo and people around quickly, even if runways or fuel tanks are destroyed
or if the jet fuel supply chain became taxed. Our analysis also suggested that attacks on the electric grid
are unlikely to make it impossible to charge eV TOL aircraft because of their relatively small electricity
requirements. On a dollars-per-mile basis, eVTOL aircraft ($8.50—$13.51/nmi) were cheaper to fly
than C-130s ($20.90/nmi) and C-17s ($39.20/nmi).”* While those aircraft can clearly carry many
more passengers or cargo, eV TOL aircraft offer a much cheaper solution when less-than-C-130-sized
loads (such as a medical team or an MRT) need to move immediately. We modeled potential value of
eVTOL aircraft in two notional ACE vignettes and found that eVTOL aircraft conferred very large
time savings in the Philippines (days) and significant time savings in Poland (hours) over the time
estimates for regular surface transportation. Finally, the VTOL abilities would confer these aircraft
the same type of flexibility as helicopters, yet their relatively low price might enable the USAF to buy a
larger fleet, making each aircraft more expendable. All this being said, they are not self-deployable, the
ACE CONOP itself is being continually redefined, and we found eVTOL aircraft unlikely to be
especially useful for a large part of that CONOP, at least without significant modifications and
increases in technical capabilities.

In terms of the possible technical upgrades to eVTOL aircraft, the one that came up most often
and garnered the most enthusiasm was autonomy. Autonomous flight would allow these aircraft to
transport items or participate in rescue missions without jeopardizing a pilot or crew. It would also
eliminate pilot training and paying pilots or crews, and pilotless aircraft do not require crew rest. An
autonomous eVTOL aircraft should also enable one more person to be transported around because
there would not need to be a seat for a pilot. Finally, experts project that autonomous flight will be
safer than human-piloted flight; many aircraft accidents result from pilot error (Holden and Goel,
2016; FAA, 2016).

There has been considerable ongoing investment in new battery chemistries and other energy-
storage technologies. It is possible that solid-state lithium batteries could contain as much as 70
percent more energy than current lithium-ion batteries, extending the range of electric vehicles—if
and when the new batteries overcome the challenges of scaling to mass production, meeting safety
requirements, and being certified for aviation use. However, for the foreseeable future, liquid fuels will
still have dramatically higher energy density than batteries, so hybrid aircraft that extract their long-
term energy from liquid fuels will have greater range than all-electric aircraft. Hydrogen has attracted
attention as a possible future aviation fuel because it could have zero emissions while still enabling
longer ranges than batteries. However, whether the hydrogen is stored as a compressed gas or as a
cryogenic liquid, it is inherently challenging to store a large mass of it in a compact space. So, when the
weight and volume of the fuel tank is considered, hydrocarbon-hybrids will almost certainly
outperform hydrogen-hybrids in range and payload, if the issue of environmental emissions is set

aside.

74 Computed using 2022 DoD fixed-wing hourly reimbursement rates for the C-130 and C-17 divided by the cruising speed of

the aircraft.
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USAF May Have Difficulties Acquiring eVTOL Aircraft with Defense-
Specific Requirements

Many features for eVTOL aircraft—such as increased range and payload and securing the supply
chain—that the USAF would desire would also be beneficial to commercial operations. For these
types of features, a large, competitive, commercial marketplace that drives innovation should naturally
evolve eVTOL technology in such a way that aligns with the USAF’s technical performance
objectives. Other features, like arming the aircraft, or installing special sensors or communications
devices, would likely not be. Our analysis showed that the USAF might have trouble acquiring
USAF-specific eVTOL aircraft that has those types of features, at least at a reasonable cost. The
primary reason was that the USAF demand for eVTOL technology was projected to be minute as
compared with the commercial market in the next three decades. At least early on, firms will rationally
prioritize the largest, most profitable customer base and only later shift to smaller, niche markets. Of
course, if the USAF is willing to pay enough, it can likely get what it wants (at least within technical
and supply chain limits), but it seems unlikely that the USAF would pay such a premium over market
value, given the somewhat niche military utility that we were able to find.

The USAF is also going to want to secure as robust a supply chain as possible for eVTOL aircraft,
which may present challenges. We found that, over time, the eVTOL industry would likely have a
complex, global supply chain. At the time of this research, many leading firms were exceptionally
vertically integrated but were already dependent on foreign chips and batteries. We can only expect
that the supply chain will globalize over time as firms seek to minimize costs. Our findings did not
suggest that eVTOL technology final assembly would likely be geographically concentrated in the way
that the sUAS final product is in China, but risks could still be present at other points deeper in the
supply chain. Even sourcing from U.S.-based eVTOL suppliers cannot ensure security. Generally
speaking, markets tend to shape global supply chains, and trying to restrict sources of supply increases
costs or decreases performance. It might not even be possible to produce eVTOL aircraft without at
least some foreign inputs. The USAF will likely have to tolerate this (as it does for countless other
technologies and vehicles that it buys). We note, however, that the U.S. Congress has addressed some
of these foreign dependencies because it sees lack of domestic manufacturing of such elements as
batteries as a national security risk. Progress made on this front could positively affect future eVTOL
aircraft supply chains.

The USAF is also unlikely to sway the market by investing heavily in one company rather than
another, because eVTOL market dynamics did not appear conducive to first-mover advantages.
Furthermore, Agility Prime entered the eVTOL funding picture at a point where there were already

leaders with enormous private investment and valuable partnerships.
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A Survey-the-Market Approach Is Most Appropriate for eVTOL

We found that a survey-the-market strategy makes the most sense for the USAF because of the
following:

1. We could not find a military requirement that would motivate an immediate, large acquisition
of eVTOL aircraft,

2. Most of the benefit of eVTOL aircraft that we found from our modeling derives from the fact
that a large, distributed fleet of vertical lift platforms can be flown for relatively low cost—as
opposed to the electric feature (the one counterexample to this is in the ACE scenarios, where
not relying on jet fuel does confer extra resilience).

3. The USAF likely has little power to shape either the technology or the market (at least in the

near term).

This strategy is quite different from Agility Prime’s efforts to “[create] a new industry and [spark] a
revolution in aviation” (Roper, 2020b). However, we also found that the Agility Prime’s model (or,
more generally, the prime model) could potentially be extremely effective for technologies that have
higher military utility and markets that are more likely to be sensitive to early USAF involvement.

Given these results, we found that the best way to execute a survey-the-market strategy is to
experiment with a small number of different eVTOL platforms while closely monitoring the market
and evolution of the technology. A few experimentation mechanisms, both formal and informal, are
available to Agility Prime that do not require that a technology formally align with a capability gap.
One informal way is to purchase a small number of aircraft and deploy them for peacetime operations
(e.g., around missile fields), meanwhile learning about how the eVTOL technology is or is not helping
real-world users. Agility Prime has the option to buy, lease, or acquire eV TOL aircraft as a service, as
well as options to use either special commercial purchases or prototype OTs. The option Agility
Prime chooses will depend on the level of support desired from eVTOL companies (e.g., to provide
operations and/or sustainment), the ability to structure arrangements that provide this support, and
the flexibility these arrangements can provide for different operational and experimental use cases. For
example, Agility Prime may obtain the most value from these efforts if it can rotate the end users of
the aircraft and run formal experiments that provide feedback for other use cases. An even lower-cost
option is to explore eV TOL aircraft use in military operations by using eVTOL simulators that the
USAF already owns. The simulators could also be adapted to update eVTOL technical parameters,
flying environment, or other features; this might be particularly useful for future ACE exercises, when
eVTOL capability should increase.

Recommendations

All these findings lead to the series of recommendations outlined in this section.

eVTOL-Specific Recommendations for Agility Prime

By now, it should be clear that we do not anticipate eVTOL aircraft will revolutionize USAF
operations in the near term, although they could prove to be of significant value over time. The USAF
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likely represents a very small fraction of overall eV TOL demand, which has significant downstream

effects in terms of the USAF being able to shape either the technology or the supply chain. However,

we do not recommend dropping all USAF eVTOL related efforts. Instead, we recommend the

following:

Agility Prime should focus on two separate but complementary lines of effort (LOEs):

(1) operational use and experimentation and (2) relationships with eV TOL companies. Critically,
however, the latter LOE will no longer invest money in these companies for the purpose of
attempting to shape the market.

Agility Prime’s LOE 1 should take the lead on purchasing a small number of the most-capable
eVTOL aircraft as they become available for USAF experimentation purposes or for small-scale use.
Generally speaking, given that eVTOL capability varies across designs, we recommend
focusing on the aircraft with the most capabilities because they best align with the needs of the
USAF operational community (e.g., longer range, higher payload) and are entities distinct
from sUAS. This should illuminate eV TOL utility better than any prospective modeling or
thought experiments. It should also help clarify technical modifications that may be desired. If
eVTOL aircraft prove to be valuable enough, a concrete set of capability requirements can be
built over time for a future defense-specific eV TOL. This level of purchase redirects Agility
Prime eVTOL efforts in a way that is commensurate with the value they are likely to bring. It
is also low risk and reflects the fact that even a much larger USAF purchase is unlikely to
significantly sway the course of eVTOL development or alter eVTOL supply chains. While
contracts are sure to be complex, as outlined in Chapter 6, Agility Prime has a few
mechanisms it can use for small-scale eVTOL aircraft purchases. The following provides

specific recommendations for this purchase and experimentation:

—  The USAF Test community should determine exactly how many eVTOL aircraft to purchase
for small-scale use. However, absent a recommendation from the testing community, we
suggest purchasing a minimum of three aircraft as they become available; our models
suggest that three aircraft would fulfill the requirements of most of the security forces
mission at Malmstrom, the best real-world use case we found (see Chapter 3 for the
relevant analysis). We also calculated that the monetary value of the aircraft could largely
be recouped by using them operationally at Malmstrom, while gaining additional value
from experimentation. We recommend that the manufacturers maintain the aircraft and
participate in experimentation with USAF communities. Note that security forces would
have to be prepared to either fulfill their mission using ground vehicles (as they do today)
or ensure that the eVTOL supplier can provide backup aircraft if maintenance is taking
longer than expected or if eVTOL aircraft are on loan for other purposes.

—  Experiment with the technology. Experimentation can take a few forms, such as informally
using the aircraft operationally, flying the aircraft in live exercises, using simulators in
virtual exercises, and using the aircraft in wargames. Ideally, experimentation happens
along with small-scale use (see previous bullet) because using the aircraft to make real-

world missions more cost efficient can at least partially recoup the costs associated with
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the aircraft. However, experimentation can also occur without real-world use. Note the

following:

In the previous recommendation, we described how we think the aircraft should be
operationally tested—for security at Malmstrom AFB. However, this
recommendation likely requires FAA certification because people would be flying in
the aircraft. If aircraft are acquired before this point (perhaps so that USAF-specific
adaptations can be made, such as adding a new radio to the aircraft), the aircraft can
still be tested operationally at Malmstrom AFB by moving cargo before people. The missile
range is also well suited for other live, more-formal eVTOL experimentation,
especially because it will, at that point, have the requisite charging infrastructure set up
to support the security mission. Note that we did not model this type of operational
use experimentation; moving cargo efficiently at the base may require more or less
than the minimum of three eVTOL aircraft that we calculated to be required for the
security mission.

The aircraft should be included in ACE exercises, live or virtual, and in upcoming studies
focused on intratheater airlift, particularly for the ACE CONOP. We expect eVTOL
aircraft to be most useful in an OSA role, but exercise and study participants should
be encouraged to use the new aircraft as creatively as possible. We studied the OSA
concept for ACE notionally, but concrete scenarios that, for example, include joint
aircraft, air base resources and adversary missile attacks, should better determine the
value eVTOL aircraft bring to the fight. In virtual experimentation and studies,
eVTOL performance parameters should be varied to assess both current and future
potential. Note that the minimum number of eVTOL aircraft the USAF would need
might be different if the aircraft are used only in exercises. Our recommendation to
acquire three aircraft assumes they are used operationally at Malmstrom, but we
suggest building in flexibility at the outset so that the aircraft could be used for other
types of experimentation on occasion.

Whatever form the experiments may take, the USAF should make sure to obtain
feedback on eVTOL benefits and drawbacks. Other factors, such as ease of
maintenance, should be carefully monitored. This type of information will also
continue to foster USAF relationships with the eVTOL industry.

Socialize these opportunities to experiment and the results with senior leaders. If eVTOL
aircraft show enough promise, socialization will help find the next “eVTOL
champion.” A champion is important for any technology to avoid landing in the
defense valley of death. If the aircraft are not useful enough, further investment can be
divested to another technology via an informed strategy.

Agility Prime’s LOE 2 should collaborate with eV TOL companies in pursuit of autonomous flight.
While we advise that Agility Prime stop investing in companies with the goal of shaping the
marketplace, we do not think that relationships should be severed. Instead, their focus should
change. The value of autonomous flight to the USAF is very high, and most eVTOL
companies have plans to achieve autonomy. Agility Prime can work on autonomy goals with

eVTOL companies for mutual benefit. The USAF can learn from eVTOL companies and
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apply lessons learned to other autonomous flight programs—for example, by holding
quarterly meetings. eV TOL companies can benefit from access to USAF test ranges for
autonomous aircraft, USAF SMEs (e.g,, on cyber security), and possibly exercises where
eVTOL companies can test out air traffic control for their autonomous aircraft flying side by
side with other, piloted USAF aircraft.

o  Agility Prime’s LOE 2 should continue monitoring eVTOL and eVTOL-adjacent technology and
the market. Specifically, Agility Prime should be aware of major changes in the technology that
make the aircraft more suitable to USAF operational needs. Advances in battery technology
that allow eVTOL aircraft to achieve longer ranges, higher speeds, increased hover time, or
larger payloads should also be watched. As Agility Prime identifies positive changes in the
technology or market, it can reassess and, if needed, adapt its strategic approach to eVTOL
engagement. An example of a change in strategy might be soliciting a prototype OT, as
discussed in the next recommendation.

o Ifa USAF organization decides it wants a defense-specific eVTOL aircraft at some point, the
organization should solicit offers through a prototype OT. Leading eVTOL companies are
unlikely to develop USAF-specific eVTOL prototypes today (at least not without a large
premium), but at some point in the future, the USAF could become a desirable niche market.
At that point, an organization should bring more than one prototype in; some will fail, but one
could succeed in giving the USAF its own eVTOL pipeline. Any USAF organization with
appropriate funding and warranted agreement officers can use an OT to develop prototypes
under a $100 million threshold without seeking further authorization. To develop defense-
specific requirements for the prototype, we recommend that the USAF rely heavily on data
and feedback collected as part of the aforementioned experimental efforts.

Recommendations for Agility Prime Engagement with Other Military and
Government Entities

eVTOL aircraft are of interest to many government agencies other than the USAF. Agility Prime
should be able to help them understand eVTOL technology and streamline certification and
regulatory efforts.

Agility Prime can also help governmentwide efforts at supply chain risk management. The USAF
likely does not have at its disposal the policy tools needed to shape technology markets; however,
Congress or DoD can try to exert such control based on big-picture priorities and national security
concerns. We do not think that eVTOL aircraft are so critical to national security from a military
perspective today, however, if they are going to fly civilians around the United States, the security of
their supply chains remains important, as do safe flight and effective air traffic control. We identified
several examples of eV TOL components (batteries, microchips, and magnets) whose manufacturing is
currently dominated by foreign countries and introduces known supply chain risks. Unlike an eVTOL
fuselage, these components are critical to eV TOL aircraft and to a host of other technologies. Thus,
these components present a risk that eVTOL companies cannot be expected to secure: These types of
components are not just an eV TOL problem, they are an American problem.
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Along these lines, we recommend the following:

Agility Prime and Air Force Life Cycle Management Center Airworthiness Office should provide
technical support to U.S. federal and, perhaps, even state and local entities working out eVTOL
regulations. The USAF should have a meaningful ability to support continued FAA
certification efforts and future air traffic control regulations. This should eventually be
beneficial to the USAF: If the United States has a big commercial market and if such entities
as DHS and the FAA have done their job to ensure safe operation inside the United States,
the USAF will have better purchasing options later if greater military value clearly emerges.
Agility Prime should broadly share its eV TOL knowledge and expertise. First, supply chain risks
related to eVTOL components and subsystems can be provided to relevant government
stakeholders, such as DoD and Congress. While the USAF has a stake in these components
and subsystems, this ultimately must be resolved at a higher level. Congress is already well
aware of these problems and, as previously mentioned, is working to increase battery
manufacturing in the United States. Similar efforts could be made for other components or
subsystems. Second, eVTOL expertise and experience should be shared with other
government organizations with relevant interests, including the Office of the Undersecretary
of Defense, Research and Engineering; the Office of the Assistant Secretary of Defense for
Sustainment, Operational Energy; and the House Armed Services Committee.

General Emerging Technology Recommendations to the USAF

Finally, we present recommendations that apply more broadly to the USAF'’s ability to adopt

emerging commercial technology and forge positive relationships with bourgeoning industries:

AFRL/AFWERX should use our strategic framework to weigh the next commercial technology for
a future prime program. We also suggest that AFRL/AFWERX or some other organization
continue to test and refine our strategic framework to develop ways to measure and assess how
different technologies compare with more granularity. The DoD and the USAF have an
imperative to improve warfighter adoption of commercial technologies. There are a great
number of such technologies but finite resources, so investment must be carefully targeted to
maximize return on investment to the USAF. The prime model, which started with Agility
Prime, is a compelling example of a new approach to this general problem. It should be tried
again with an emerging commercial technology that is more likely to have significant and
unique operational impact and whose market will be sensitive to early USAF investment.
Develop tools and processes to prepare for warfighter adoption of the next game-changing emerging
commercial technology. Explore mitigations to the barriers presented in Chapter 6 to
transitioning emerging commercial technologies. In that exploration, SAF/AQ and Air Force
Futures might consider the following:

— developing new experimentation opportunities specifically for technologies that do not
obviously align with a capability requirement; for example, a warfighting laboratory could
be established that could easily acquire and play around with new commercial technologies
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if there is a reasonable chance that they might have important military value (the bar
should not be too high on this)

— designating a small portion of functional MAJCOM modernization funding for emerging
technologies

— developing processes for and expanding the expertise of Air Force Futures to sponsor
capability requirements efficiently and effectively

— exploring the advantages and drawbacks of the nontraditional sponsorship of capability
requirements by geographical MAJCOMs and Headquarters Air Force organizations
other than Air Force Futures.

Conclusion

To conclude, we may very well see a world in which eVTOL aircraft are flying over cities
transporting people to the places they want to go. Indeed, the future of the commercial eVTOL
industry looks bright. In contrast, we do not anticipate eVTOL technology to be as revolutionary for
the USAF in the near term as in civilian applications. Conditions could evolve over time such that the
aircraft themselves become much more capable or that new missions emerge that actually require a
fleet of small, inexpensive, electric aircraft with vertical lift. Should this happen, the USAF should be
prepared to figure out how to successfully transition eVTOL technology, which could require
modifying the aircraft, as opposed to off-the-shelf acquisition.

Even if this does not happen, the USAF could still find itself quietly buying eV TOL aircraft over
time, in line with more-general trends in electrification and adapting to new modes of civilian air
transport. In the meantime, Agility Prime can experiment with a small number of eVTOL aircraft
and get real world experience with them. It can also develop new ways to put the next actually game-
changing commercial technology into the hands of the warfighter in a way that is conducive to USAF
interests and without undue delay.
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Appendix A

Previous USAF Analysis of eVTOL
Utility

This appendix summarizes the three major USAF efforts to assess the utility of eVTOL
technologies for USAF missions.

Innovative Capability Opening

Agility Prime released an ICO seeking proposals for VT OL technologies—particularly eVTOL
and urban air mobility technologies—in February 2020 (Agility Prime, 2020). Companies responding
to this ICO could provide solution briefs satisfying one of multiple of areas of interest (AOIs) (Agility
Prime, 2020; Swartz, 2021a). Table A.1 describes the primary requirements for platforms laid out in
the first three AOIs released. Agility Prime used these results to support eVTOL research and
development through Small Business Technology Transfer and Small Business Innovation Research
contracts in a targeted fashion. Agility Prime further engaged with companies whose solution briefs
met the requirements laid out in one of the AOIs and invited promising companies to submit a
proposal to obtain OT for prototype funding (“Agility Prime: The Pentagon’s eVTOL Power Play,”
2020). These funding opportunities were aligned with Agility Prime’s main LOE: the “Air Race to
Certification,” which was intended to support companies in achieving airworthiness certification for
their platforms (Small Business Administration, undated; Swartz, 2021a).

Table A.1. Agility Prime Requirements for Innovative Capability-Opening Areas of Interest

Metric AOI 1 AOI 2 AOI 3
Payload 3-8 personnel  1-2 persons (equivalent)  Over 500 Ibs of cargo
Minimum speed (mph) 100 45 100
Minimum range (mi) 100 10 200
Minimum endurance (min) 60 15 100

SOURCE: Swartz, 2021a.
NOTE: AQI 3 also required a maximum gross takeoff weight greater than 1,320 Ibs.

In addition to Small Business Technology Transfer and Small Business Innovation Research
contracts and OT agreements, Agility Prime worked to form mutually beneficial partnerships with
eVTOL companies. Companies gained access to decades of USAF experience in aviation test and
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evaluation, the ability to fly aircraft at military test ranges, and introductions within DoD. The USAF,
in turn, was granted insights into companies’ engineering designs, technical data, test results,

operational plans, and supply chain dependencies.

Multi-Attribute Tradespace Exploration

MATE is a scalable methodology for multicriteria design and decisionmaking in complex,
dynamic, and uncertain environments. MATE provides a framework for thinking about a topic;
within this framework, a variety of methods may be used. The following are the primary steps involved
in any MATE analysis:

e Define the potential tradespace by engaging with key stakeholders.”
e Generate the tradespace through modeling and simulations to evaluate how each proposed
alternative performs the mission.

e Explore the tradespace by manipulating analyses to reveal insights and potential solutions.

Agility Prime sought to use MATE analysis to identify promising use cases of organic resupply busses
(ORBs) for the warfighter (AFWERX, 2021).7° Very briefly, ten organizations were engaged through
39 interviews to establish specific use cases for ORB utility analysis. A total of 67 use cases were
identified and grouped into 15 common mission types. ORB and legacy assets were then modeled side
by side in an effort to discover opportunities for ORB value. This study resulted in suggested use cases
for Air Force Materiel Command, ACC, the Coast Guard, the Marine Corps, and AMC (AFWERX,
2021). ORB benefits included being smaller, less complex, and having more redundancy than legacy
aircraft, all of which translated to lower life-cycle and sustainment costs and increased availability,
robustness, and transportability. Some hybrid ORBs even had higher purported cruise speeds than
helicopters, which results in faster dispatch times. The low acoustic signature of electric vehicles was
also noted. The analysis also revealed key drawbacks, including limited range, payload, hover times,
and temperature ranges in which the aircraft can operate, as well as infrastructure dependency that
does not yet exist. While purely electric ORBs were found to have some use cases, hybrid ORBs
appeared far more capable.

USAF Fellows Report

In summer 2021, Agility Prime commissioned a group of representatives, referred to as fellows,
from various MAJCOMs to “determine the financial and operational advantages and disadvantages
concomitant with acquiring and operating eV TOL aircraft across the Air Force and Department of
Defense” (AFWERX, 2021). The analysis “consisted of stakeholder engagement, use-case

75 The tradespace can include a specific need, context, alternatives, and any known unknowns.

7 The acronym ORB has been used to mean more than one thing. According to Cohen (2020), “ORB can stand for ‘organic
resupply bus, for disaster relief teams, an operational readiness bus for improved aircraft availability, and an open requirements
bus for a growing diversity of missions,” according to an Air Force solicitation document.” We are using the first definition.
Generally speaking, ORBs were focused on a set of novel aircraft that could harness distributed electric or hybrid propulsion
systems, autonomy, and are low cost, runway-independent, and quiet.
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development, experiment testing and reporting. Ground testing and simulators were used to evaluate
the viability of use cases. Where available, flight test data was used to validate simulator and
engineering data” (AFWERX, 2021). The fellows’ 67-page report outlines promising eV TOL aircraft
use cases—personnel movement, cargo transportation, personnel recovery over land, distinguished
visitor transportation, rapid aircraft maintenance, urban mobility, disaster response base operations
and support, emergency response, test support, and training range support—and a series of findings
and recommendations. These recommendations of AFWERX (2021) are summarized as follows:

e The USAF should acquire eVTOL aircraft for further testing, operational assessment, and
early operational use.

e The USAF should assume that eVTOL aircraft will be a strong operational asset in the near
future (2-5 years).

e The USAF should continue to invest capital and expertise in eV TOL aircraft via industry
partnerships.

o The USAF should work with the FAA, NASA and industry to determine traffic-
management solutions.

e The USAF should work with the FAA and industry to accelerate the adoption of eVTOL
technology across the spectrum of its lifecycle, including part, process, system, and airman
certification.

e AFWERX Agility Prime should continue to engage stakeholders to raise awareness; refine
use-cases; and develop future TTP [tactics, techniques, and procedures] for eVTOL aircraft
applications.

e The USAF should evaluate the long-term viability of manufacturers and program resiliency
and factor these into the system sustainment lifecycles before seeking to operationalize a
particular eVTOL aircraft.

e The USAF should assume adversaries will also field eV TOL systems. Several foreign
companies currently develop eVTOL technology, which could be made available to potential
adversaries.

e The USAF should consider acquiring multiple eVTOL types to best match capabilities

against use-cases rather than a single system destined to attempt to meet numerous mission

types.
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Appendix B

Stakeholder Input

We held over 40 semistructured discussions with internal USAF operators and stakeholders,

partner operators, companies and investors, and other external stakeholders and SMEs with eVTOL

expertise. The following summarizes who we spoke to:

e USAF operators

AFGSC Plans, Programs, Requirements Security Forces Division (A5PW [Future
Capabilities Branch])

AFSOC Plans, Programs, Requirements, Studies and Analysis (A5/8/9)

ACC

* Plans Programs and Requirements Readiness Division (A5R)

* NTTR/Plans (XP)

* NTTR/Program Management (PM)

AFMC

*  412¢th Operations Group
* 711th Human Performance Wing
* Plans, Programs, Requirements, Studies and Analysis (A5/8/9)

AMC

* Logistics, Engineering, and Force Protection (A4R)

* Plans, Programs, Requirements Futures (A5/A8XC)
PACAF Plans and Programs Strategy (A8XR)

USAFE Logistics, Engineering, Readiness (A4R)

e Other USAF stakeholders

Air Education and Training Command Detachment 62
AF/A5 Strategy, Integration, and Requirements

* Futures (A5/7)

= A5DS

* Combat Requirements (A5RC)

* Mobility Requirements (A5RM)

Air Force Life Cycle Management Center

» EZZ (Airworthiness)
* WL (Mobility Directorate)
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Agility Prime
SAF/Science Technology and Engineering Mobility Division (AQRM)

e DPartner operators

U.S. European Command Plans and Strategy (ECJ5/8)

USINDOPACOM Logistics and Engineering (PCJ4)

Human Systems Integration Division at NASA Ames Research Center (TH)
USTRANSCOM Strategic Plans, Policy, and Logistics (TCJ5/4)

U.S. Coast Guard Commandant

e  Other stakeholders

five AAM companies

two AAM private investors

U.S. Army Combat Capabilities Development Command

=  Aviation and Missile Center

* Command, Control, Communications, Computers, Cyber, Intelligence, Surveillance,
and Reconnaissance Center

* Ground Vehicle Systems Center

U.S. Army Future Vertical Lift Cross Functional Team

Army Futures Command

U.S. Army Rapid Capabilities and Critical Technologies Office

Defense Contract Management Agency

DIU

Joint Staff Logistics (J-4)

LinQuest Corporation

U.S. Navy

* Naval Air Systems Command Future Vertical Lift Program

®  Naval Air Warfare Center Aircraft Division,

Operational Community Perspectives

Table B.1 contains a more comprehensive set of findings on USAF and MAJCOM operational

community perspectives on eV TOL aircraft.
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Table B.1. Summary of Interviews with USAF and Combatant Command eVTOL Aircraft Stakeholders

Organization

Mission Areas Discussed

Desired eVTOL Aircraft
Capabilities and Characteristics

Notable Remarks

AFGSC

AFSOC

ACC/PR

AFMC

Missile field security forces
and maintenance support
Distinguished visitor lift in
Washington, D.C.

Tactical movement from
MC-130 to objective
Missile field support
Combat search and rescue
Autonomous personnel
recovery

Short-range resupply

Personnel recovery
Medical evacuation

ACE situational awareness
AFSOC prioritized eVTOL
aircraft high on their
unfunded priorities list

Carry 3 passengers
45 mph wind tolerance

Operates at temperatures as low as —20°F

100 nmi range
120 knots
1,000-Ib payload

Autonomy

Hover in dusty or saltwater environment

Low signature
Highly maneuverable
High reliability

Removable batteries so turn time is quick

Runway independent

High speed

Long range

Cheaper

Easy maintenance

Load an ambulatory patient
20+ min hover

Quiet

Low radar signature

Hover 6,500 ft at 95°F
Terminal area maneuver
6,500 Ibs of specialized equipment
Survive small arms

Deployable

Supply chain secure from potential
enemies

Rugged condition capable
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“It may be useful for our security forces.”

“Quest for perfect kills programs.” “Need
to do pilot program and test it.” “Fail fast
and iterate.” “Need to lead the world in
eVTOL.” “We can use autonomy now.”

“Not interested in taking money from
other programs.”

“AFSOC best to be lead command.
Closely related to what they need.”



Organization

Mission Areas Discussed

Desired eVTOL Aircraft
Capabilities and Characteristics

Notable Remarks

AMC and
USTRANSCOM

PACAF

USAFE

USEUCOM

USINDOPACOM

Medical evacuation

Last-mile logistics
Humanitarian relief
operations

Maintenance recovery teams
Movement when airfields
damaged

Communications relay

ACE OSA

Work done by maintenance
recovery teams

Personnel recovery
Passenger movement when
runways are damaged
Just-in-time logistics
Medical teams

Organic lift

Isolated island mobility

Class IX parts resupply
Ammunition movement
Missile field support

Aerial logistics
Casualty evacuation

Last tactical mile aerial
logistics

Class | and Class IX resupply
Airborne vehicle swarms to
create signatures

OSA in agile combat support

Increased payload and range; ideally,
aircraft could carry 3,000 Ibs 3,000 miles
but at least could carry 1,000 Ibs 300 miles
Autonomy

Defensive systems

Communications suite

High-speed VTOL

Survivable

Low signature
Long range
Autonomy

Autonomy
Able to carry air munitions (Class V)

Carry small packages
Low signature
Inexpensive
Optionally piloted

Multipoint delivery

Autonomy

Global Positioning System (GPS)—denied
navigation

Corrosion-resistant

Can be operated by a nonpilot 18-year-old
Reliable
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“AMC shouldn’t own something smaller
than a C-130.”

“l have not talked to anyone who
wouldn’t want to use an eVTOL.”

“In my mind, I'd say ACE in reactive
environment, same country, focusing on
class-nine aircraft repair parts would be
amazing.”

“Unlike Africa, which is a time and
distance problem, our issue in Europe is
access. That is why this asset is
attractive.”

“The state of the art is not where we want
it.”

“Everything currently, right now and the
foreseeable future—all of our platforms
are running on dead dinosaurs and
[that’s] not going to change [soon]. I'm an



Organization

Mission Areas Discussed

Desired eVTOL Aircraft
Capabilities and Characteristics

Notable Remarks

Air Force Futures .

Mobility

Sensor movement

Truck replacement for missile
deployment

Medical supply movement

Easy to maintain
Interoperable with existing platforms

Increased payload and range; ideally,
aircraft could carry 6,000 Ibs 1,000 miles
but at least could carry 3,000 Ibs 1,000
miles

Minimal infrastructure requirements
Smaller than C-130

Able to do logistics in contested
environment

Autonomy

electric proponent, huge, but for DoD we
don’t have the robust charging
infrastructure to support an electric fleet.”

“Tech may need to develop a bit more
before we become interested.”

SOURCE: RAND interviews.
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Appendix C

eVTOL Cost and Capability

To calculate the cost per passenger as a function of total passengers moved for aircraft and surface

vehicles, we relied on

e cost estimates (per passenger-mile) derived from different sources
e acapability profile for a generic eVTOL aircraft

e current cost and capability profiles of existing comparison vehicles.

eVTOL Aircraft Cost

We derived estimates of eV TOL aircraft costs using the Agility Prime Lifecycle Cost Model
(Version 1.10) (see LinQuest, 2021) and a publicly available estimate released by an eVTOL
manufacturer. LinQuest developed this model for a MATE it conducted for Agility Prime. This
model evaluates cost components for acquisition, maintenance, and operation of a fleet of AAM
aircraft. The model also includes information on the O&S costs for certain existing (legacy) aircraft
that perform functions that might overlap with eVTOL aircraft.

We assessed the cost estimates produced by this model to be sufficient and the best available for
this analysis. The model has the virtue of providing a consistent way of accounting for acquisition and
O&S costs across alternatives considered in the analysis. It also promotes consistency in the categories
of costs included in estimates and allows for “what if” and sensitivity analyses.

Using the Agility Prime Lifecycle Cost Model, we derived an estimate of the cost of acquiring the
first eVTOL unit in FY 2023 at $6.14 million (in FY 2023 dollars). Depending largely on
assumptions regarding the rate at which eVTOL aircraft penetrate the market, the acquisition unit
cost projected by the model is expected to decline over time. To derive the lower-bound acquisition
unit cost estimate, we relied on publicly available financial predictions made by a leading eVTOL
aircraft manufacturer, which suggested an acquisition unit cost of $1.3 million in FY 2023 dollars.”
We bounded our analysis using these estimates of acquisition costs.

Our analysis used an O&S cost of $1,228 FY 2023 per flight hour, derived from the Agility Prime
Lifecycle Cost Model. To calculate the fully burdened cost per flying hour for an eVTOL aircraft, we
divided the acquisition unit cost estimates noted earlier by the expected number of flight hours the
aircraft would fly over its life (8,210 flight hours) and added the estimated O&S cost per flying hour.
We then converted the fully burdened cost per flying hour to a cost per passenger-seat mile using the

77 Joby Aviation has a slide deck called, “Joby April 2022 Corporate Deck” on its website (Joby Aviation, 2022a). Slide 12, in a
column titled “Per Plane Economics,” states that the payback period on a new aircraft with a profit of $1 million per year on a
$2.2 million gross revenue is 1.3 years. This implies a purchase price of $1.3 million.
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average speed of the aircraft and number of passengers. This resulted in an estimate of the fully
burdened cost of eVTOL aircraft ranging between $2.39 and $3.41 per passenger-nautical mile.

eVTOL Aircraft Capability

To determine the capability profile (speed, range, payload, etc.) of a generic eVTOL aircraft
included earlier, in Table 2.3, we leveraged data advertised by leading U.S. eVTOL companies.
Table C.1 summarizes the performance parameters for several leading U.S. company eVTOL aircraft
platforms as of 2022.7

Other Platform Cost and Capability Assumptions

Table 2.3 presented the cost and performance parameters for various platforms to facilitate
comparison with eVTOL aircraft. We included both the UH-1N and HH-60G helicopters because
the USAF currently operates each and because they can perform airlift activities that overlap with
eVTOL aircraft. We also selected a representative sample of five-seat (minimum) commercially
available helicopters that are reasonable eVTOL aircraft substitutes. Table C.2 lists the sources from

which we drew cost information for these comparison platforms.”

Table C.1. Summary of eVTOL Aircraft Capability for Leading U.S. Companies

Range Speed

Aircraft Passengers (nmi) (knots) Pilot Status
Archer 2 52 130 Yes e Hover-tested
Maker e In FAA certification process (met G-1)

e Contract with United Airlines

Beta 5 250 145 Yes e Received USAF airworthiness
Alia 250 certification
e Conventional takeoff and landing
version currently flying
e VTOL intest
e In FAA certification process (met G-1)

78 Thus, information for each aircraft came from press releases and company websites. G-1 is an important step in the FAA
certification process for a new aircraft. According to the FAA’s Advisory Circular No. 20-166A,

G-1is an IP [issue paper] that designates the applicable airworthiness and environmental regulations (i.e.,
noise, fuel venting and exhaust emissions), including ELOS findings and special conditions that must be met
for certification as stated in 14 CFR 21.17, 21.21, 21.25, 21.27, 21.29, or 21.101, as applicable. It also
designates the applicable Special Federal Aviation Regulations (SFAR) and records any exemptions granted
(see 14 CFR 11.15 and 11.81). This IP must provide the definitive justification for selecting the certification
basis, including specific amendment levels. (FAA, 2014)

79 The USAF tracks historical O&S cost information for its aircraft in the Air Force Total Ownership Cost system and other
cost databases. However, this information is considered sensitive and is not approved for public release. To promote wider
distribution of this research, outside DoD, we opted to use publicly available cost information.
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Range Speed
Aircraft Passengers (nmi) (knots) Pilot Status

e Several commercial contracts, including
a purchase order from UPS

Joby 4 130 174 Yes e Received USAF airworthiness
S-4 certification
e FAA 135 Air Carrier certification
e Company acquired Uber Elevate,
intends to be both original equipment
manufacturer and operator

Wisk 28 53 95 No e Seven flying prototypes
Cora e In New Zealand certification process
e Backed by Boeing and partnered with
Kittyhawk

SOURCES: Nonproprietary capacity, range, speed, and pilot requirements come from the corresponding company’s
website or the Electric VTOL News website (Archer Aviation Inc., 2021b; Beta Technologies, undated; Guisbond,
2021b; Joby Aviation, undated; Wisk Aero, undated; and Electric VTOL News, undated.

@ Latest version as of 2022 seats four.

Table C.2. Sources and Assumptions for Other Platform Costs and Capabilities

Vehicle Cost Capabilities

C-17A Office of the Under Secretary of Defense USAF C-17 fact sheet (USAF, undated-a)
(Comptroller)/Deputy Comptroller, 2021 and Air Force Pamphlet 10-1403 (2018)

C-130J-30 Office of the Under Secretary of Defense USAF C-130 fact sheet (USAF, 2018) and
(Comptroller)/Deputy Comptroller, 2021 Air Force Pamphlet 10-1403 (2018).

HH-60G Office of the Under Secretary of Defense USAF HH-60G fact sheet (USAF,
(Comptroller)/Deputy Comptroller, 2021 undated-b)

UH-IN Office of the Under Secretary of Defense USAF UH-1N fact sheet (USAF, 2015)

(Comptroller)/Deputy Comptroller, 2021

H-130 Cost to rent helicopter from Las Vegas—based Airbus (undated)
Maverick Charters in 2022 (Maverick
Helicopters, undated)

MD-500E  Contract rate as paid by the U.S. Forest Service MD Helicopters (undated)
for firefighting (U.S. Forest Service, 2021)

R-66 Cost to rent commercial helicopter from Robinson Helicopter Company (undated)
Paramount Business Jets and Charters
(Paramount, undated)

Ford 150 FY 2022 federal vehicle mileage reimbursement Ford Motor Company (undated)
rate of $0.585 per statute mile (GSA, 2022)
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eVTOL Aircraft Flying Costs

Figure 2.1 presented the cost per passenger traveling 50 nmi as a function of total passengers
moved for several aircraft types, including a generic eV TOL. Figures C.1 through C.3 provide the
same curves for passengers traveling distances of 25 nmi, 100 nmi, and 250 nmi, respectively. eVTOL
aircraft need to be recharged more often to fly longer distances, which increases the number of
eVTOL aircraft required to match the daily throughput of a C-130]-30. Both factors cause the fully
burdened cost to move passengers to increase more rapidly for eVTOL aircraft than for turbine-
powered aircraft.

Figure C.1. Passenger Movement Cost for Various Aircraft Within 25 nmi
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Figure C.2. Passenger Movement Cost for Various Aircraft Within 100 nmi
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Figure C.3. Passenger Movement Cost for Various Aircraft Within 250 nmi
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Electric Infrastructure Cost Data

Figure C.4 plots the reported construction costs for electric vehicle charging stations on the
Nevada Electric Highway. Total charging capacity is inferred on the presumptions that one Level 3
charger can deliver 150 kW of power and that one Level 2 charger can deliver 16 kW of power.
Table C.3 shows the same data in table form. Note that two outlier charging stations had unusually
high construction costs despite low charging capacity, but the charging station with the highest
charging capacity had the lowest reported construction cost. Setting aside these three outliers,
however, there is a positive correlation between charging capacity and station cost, as one might
expect. We concluded that $240,000 is a reasonable expected cost for a charging station with a 300
kW power capacity. The cost of additional power capacity appears to scale at about $365/kW on

average.

Figure C.4. Cost Versus Capacity for Nevada Electric Highway Charging Stations

SOURCE: Nevada Governor’s Office of Energy (2021).
NOTE: Outlier data points in orange are not included in linear fit shown.
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Table C.3. Costs for Nevada Electric Highway Charging Stations

Level-3 Level-2 Total Charging Cost

Site Highway Chargers Chargers Capacity (kW) ($)

Mesquite® I-15 3 0 450 131,380
Jean I-15 2 2 332 148,745
Motel 6 Us-93 2 2 332 322,188
Wells Us-93 2 2 332 300,000
Schurz USs-95 2 2 332 282,934
Luning USs-95 2 2 332 263,754
Goldfield US-95 2 2 332 297,114
Silver Springs US-50 2 2 332 242,702
Cold Springs US-50 2 1 316 288,331
Austin US-50 2 1 316 298,067
Rye Patch I-80 2 1 316 300,000
Moapa I-15 2 0 300 143,591
Alamo Us-93 2 0 300 232,526
McDermitt USs-95 2 0 300 150,000
Orovada USs-95 2 0 300 150,000
Indian Springs Us-95 2 0 300 148,746
Eureka US-50 2 0 300 248,000
Baker US-50 2 0 300 315,200
Panaca Us-93 1 2 182 128,902
Jackpot Us-93 1 2 182 149,999
Ely Us-93 1 2 182 176,619
Hawthorne USs-95 1 2 182 179,763
Amargosa Valley US-95 1 2 182 300,000
Beatty USs-95 1 2 182 133,290
Tonopah® US-95 1 2 182 609,224
Middlegate® US-50 1 2 182 600,000
West Wendover 1-80 1 1 166 243,900
Carlin I-80 1 1 166 300,000

SOURCE: Nevada Governor’s Office of Energy (2021).
@This site is an outlier in that it has the most charging capacity but one of the lowest construction

costs.

® These sites are outliers in that construction cost was unusually high.
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Appendix D

Use Case Assessment

This appendix provides an overview of our methodology for calculating eVTOL aircraft utility for

use cases, followed by supplemental results for each use case.

Calculating eVTOL Aircraft Utility

We evaluated military value of eV TOL aircraft primarily by comparing their travel time and cost

with those of other vehicles in a range of scenarios. To do this, we had to

1. identify vehicle travel routes
2. calculate distances and travel times for vehicles considered along those travel routes

3. compare travel times and costs on a per-day, per-passenger basis.

This section describes the methods used to develop the eVTOL aircraft cost estimate, choose travel

routes, and determine travel times and distances.

Identify Vehicle Travel Routes

Each scenario has different travel routes, as outlined in the following subsections.

Nevada Test and Training Range

As detailed in Chapter 3, the NTTR scenario involves moving site operators to and from their
worksite locations within the range complex. The travel routes originated at one of three range entry
points, each with three corresponding sets of destinations within the range. Three relevant locations
outside the range (Tonopah, Beatty, and North Las Vegas) are also included as origination points for
the routes. We chose these origination and destination points in consultation with NTTR personnel
and by using Google Earth Imagery to identify features of various types of worksites to pinpoint
locations of interest.

Intercontinental Ballistic Missile Field Support at Malmstrom AFB, Montana

The USAF operates 400 LGM-30G Minuteman ICBMs with nuclear warheads (AFGSC Public
Affairs, 2019). These weapons are dispersed in 450 hardened silos around Malmstrom, Minot, and
E.E. Warren AFBs (DoD, undated). The Malmstrom AFB ICBM support scenario involves the
transport of security teams (which inspect missile launch facilities daily) and maintenance personnel
for on-demand assignments. Thus, the locations included are Malmstrom AFB and 150 missile silos
in Montana,
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Agile Combat Employment

The two scenarios for OSA missions involved the support of USAF units in notional Philippines
and Poland scenarios. These scenarios require flying people or resources between ACE locations. For
both scenarios, we used a global, open-source airfield dataset provided by OurAirports (2021).

For the Philippines scenario, we included airfields expected to host U.S. forces in the future (U.S.
Embassy Manila, 2022), large airports in the Philippines,® and a set of randomly chosen airfields of
any size or operational status that could be used as part of an ACE cluster.

For the Poland scenario, we used airfield locations closest to the current and future locations of
U.S. and NATO military units (Feickert, McInnis, and Mix, 2020; U.S. Mission in Poland, 2017).
We also included large airports in Poland, randomly chosen airfields of any size or operational status,
and a strip of highway built for military aircraft operations that is categorized as a small airport.

In both scenarios, we included closed airfields under the assumption that the infrastructure could
be used during a contingency. Furthermore, it should be noted that VTOL aircraft offer advantages in
a contingency scenario over fixed-wing aircraft because they can operate from damaged runways or
from places that have no runway at all.

This work resulted in 31 possible operating locations in the Philippines and 30 in Poland, from
which we calculated sets of travel routes that include all locations, bounded by the range of an eVTOL

aircraft.

Calculating Distance and Travel Times

We developed a program coded in R that queries Open Street Map data and the Open-Source
Routing Machine (OSRM) to calculate driving travel times for an arbitrary origin-destination pair
with high-fidelity open-source data (Giraud et al., 2022).*' The NTTR range has many roads that are
not publicly accessible, reducing the quality of the open-source route data. To compensate, we
calculated NTTR drive times along routes by measuring route distances in Google Earth and
assuming a speed of 45 mph and 35 mph for paved and unpaved roads, respectively. These speeds
reflect operations information provided by NTTR personnel.

We based flight travel times on the great circle distance between origin and destination points. We
assumed the following eV TOL aircraft performance characteristics, based on publicly advertised

current eV TOL capabilities:
o block speed: 145 knots true airspeed

e total range: 173 nmi

80 Large airfields were those marked as such in the OurAirports dataset, where a large airport is defined as a “(IJand airport with
scheduled major airline service with millions of passengers/year, or major military base” (OurAirports, 2021).

81T calculate drive times, OSRM makes assumptions about road speed limits based on the road type specified in the Open
Street Map data unless a specific speed limit is listed in the data. This assumption could affect drive time estimates. To determine
this impact, we compared drive times between OSMR and Google Maps for 30 randomly chosen routes within each of the three
scenarios (i.e., missile fields, Philippines, and Poland). The average drive times OSRM calculated were somewhat higher for each
scenario (6—18 percent). This finding suggests that our assumed drive times for the three scenarios may be higher than expected
if driven during mission operations. In turn, our time savings calculations may also produce slightly higher values than is realistic.
This is a limitation of our analysis, but it is a marginal effect because, as a general rule, flying is much faster than driving.
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® maximum range flown before refueling: 138.4 nmi (80 percent of total range)
e time to recharge completely: 1 hr
e time to load and unload passengers: 5 min

e time to go through checklists: 5 min.

The time required to stop and recharge an eVTOL aircraft is included in route total flight times.
We also assumed that, prior to the final leg of a trip, eVTOL aircraft were charged only to the point
that they would have 20 percent of their maximum charge capacity remaining once they reached their
destination. Finally, we assumed that remaining battery capacity is linearly proportional to the
distance flown:

. AT " L00% Distance flown 100%
- _ X .
ematning battery capacity " Maximum eVTOL aircraft range ’

The time required to partially recharge an eVTOL platform is assumed to be exponentially
related to the percentage of battery charge required. In the absence of charging profile information for
eVTOL aircraft, we used the charging profile for a Tesla Model 3 connected to a V3 supercharger:®

Charging time
= 0.000001053 X % charge required*
—0.000081063 x % charge required?
+0.001407273 x % charge required?
+ 0.231634837 X % charge required

Use Cases
For each use case, this appendix provides results for

o the distribution of driving and flying times between origins and destinations

® time savings broken out by each origin or destination point, as appropriate

e additional summary data on drive and flight times across routes starting at each origin or
destination point, as appropriate

e time savings conferred by flying for specific origin points.

82 This equation was created by fitting a polynomial curve to data found in the video at Ali (2019).
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Nevada Test and Training Range

Figure D.1. Distribution of Driving and Flying Times Between NTTR Entry Points and
Destinations
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Table D.1. Time Savings for Each NTTR Entry Point, in Hours

Entry Gate for Tonopah  Entry Gate for TPECR  Point Bravo

Minimum 0.14 0.19 0.18
Mean 0.41 0.49 0.40
Median 0.42 0.33 0.42
Maximum 0.64 1.39 0.64

Table D.2. Drive Time, Flight Time, and Time Savings, NTTR

Drive Time Flight Time Time Saved
(hr) (hr) (hr)
Minimum 0.18 0.03 0.14
Mean 0.54 o.M 0.43
Median 0.53 o.M 0.42
Maximum 1.61 0.22 1.39
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Figure D.2. Time Savings When Flying Versus Driving from NTTR Entry Points
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SOURCES: RAND analysis; Geofabrik, 2022a; 3DEP, GMTED2010, and SRTM terrain data courtesy of USGS.
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Missile Field Support
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Figure D.3. Distribution of Travel Times by Mode, from MAFs
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Table D.3. Time Savings for Each MAF, in Hours
Flight B MAF Flight H MAF Flight M MAF
(10th Missile Squadron) (12th Missile Squadron) (490th Missile Squadron)
Minimum 0.49 0.44 0.10
Mean 1.49 1.08 0.85
Median 1.37 1.02 1.61
Maximum 292 2.03 0.81
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Table D.4. Drive Time, Flight Time, and Time Savings, from MAFs to Missile Silos

Drive Time Flight Time Time Saved
(hr) (hr) (hr)
Minimum 0.13 0.03 0.10
Mean 1.29 0.15 1.14
Median 1.20 0.15 1.04
Maximum 3.26 0.34 2.92

On-Demand Movement of Maintenance Personnel to and from Silos

Figure D.4. Distribution of Travel Times, by Mode, from Malmstrom AFB
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Table D.5. Drive Time, Flight Time, and Time Savings, Missile Fields

Drive Time Flight Time Time Saved
(hr) (hr) (hr)
Minimum 0.49 0.09 0.40
Mean 1.95 0.37 1.57
Median 1.86 0.36 1.48
Maximum 3.75 0.69 3.32
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Figure D.5. Time Savings When Flying Versus Driving from Malmstrom AFB

Time Saved _
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SOURCES: RAND analysis; Geofabrik, 2022b; 3DEP, GMTED2010, and SRTM terrain data courtesy of USGS.
Conducting Monthly Silo Inspections

Table D.6. Estimated Inspection Times for Each Route

Distance Time in Air Total Time®

Flight (nmi) (hr) (hr)
A 85 0.6 10.6
B 15 0.8 10.8
C 137 0.9 10.9
D 153 1.1 1.1

E 185 1.3 1.3
F 143 1.0 1.0
G 10 0.8 10.8
H 110 0.8 10.8
I 82 0.6 10.6
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Distance Time in Air Total Time®

Flight (nmi) (hr) (hr)
J 83 0.6 10.6
K 210 1.5 1.5
L 191 1.3 1.3
M 181 1.2 1.2
N 214 1.5 1.5
O 219 1.5 1.5

@ Time on ground and in air.

Agile Combat Employment

ACE in the Philippines

Figure D.6 Distribution of Travel Times by Mode, Philippines
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NOTE: Drive times were calculated using OSRM, which is based on Open Street Map data. These data make
assumptions about speed based on the type of route segment, with ferry included as one type.
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Table D.7. Drive Time, Flight Time, and Time Savings, Philippines

Drive Time Flight Time Time Saved
(hr) (hr) (hr)
Minimum 0.19 0.02 0.16
Mean 24.90 3.45 21.46
Median 2212 3.29 17.49
Maximum 151.96 9.99 149.02
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Figure D.7. Time Savings when Flying Versus Driving from Bancasi Airport, Philippines

Time Saved
(hours)
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SOURCES: RAND analysis; Geofabrik, 2022c; OurAirports, 2021; Global ETOPO1 terrain data from the National Oceanic
and Atmospheric Administration.

128



ACE in Poland

Figure D.8. Distribution of Travel Times by Mode, Poland
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Table D.8. Drive Time, Flight Time, and Time Savings, Poland

Drive Time Flight Time Time Saved
(hr) (hr) (hr)
Minimum 0.62 0.05 0.56
Mean 463 115 3.48
Median 4.4 0.91 343
Maximum 10.75 3.64 7.30
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Figure D.9. Time Savings when Flying Versus Driving from Powidz Military Air Base, Poland

(hOUFS) 2 3 4 5 6

SOURCES: RAND analysis; Geofabrik, 2022d; OurAirports, 2021. Europe terrain data produced using Copernicus data
and information funded by the European Union—European Digital Elevation Model layers.
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Appendix E

Emerging Technology Case Studies

This appendix provides further detail on the five case studies conducted on recent or ongoing
emerging technology transitions. To determine our cases, we explored emerging technology transitions
with similar characteristics to eV TOL. However, we were unable to identify any that both (1) were
not aligned with a sponsored capability gap and (2) involved technology of commercial origin. Short of
this preferred combination, we sought a set of cases that varied by sponsorship, technology origin and
primary market (commercial or defense), technology maturity, and transition route (if applicable).®
The case studies provided us with a deeper understanding of different transition routes and
mechanisms available to transition emerging technologies to the warfighter. The case studies also
provided various lessons on experimentation and prototyping that we leveraged for our
recommendations to the USAF about future engagement with the eVTOL market.

Palletized Munitions

The Rapid Dragon program is developing the concept of palletized munitions, which refers to a
method of storing, transporting, and deploying munitions (e.g., air-to-ground missiles, guided bombs)
using standardized pallets that can be airdropped from transport and cargo aircraft (such as the C-17
and C-130). This would allow the delivery of a large volume of air-launched weapons, transforming
these aircraft into strike aircraft without the need for time- and capital-intensive modifications (AFRL
Public Affairs, 2021¢; Tegler, 2021). We chose this as a case study because of its nontraditional
sponsor (Air Force Futures) and because it is still in a lengthy, thorough experimentation phase.

The USAF Strategic Development Planning and Experimentation office is leading the campaign
to explore the feasibility and operational advantages of airdropping palletized munitions. The program
was established in December 2019 and went from conceptual design to powered flight and live-fire
tests from an MC-120], an EC-130S], and a C-17A within 24 months (Evans, 2021; Tegler, 2021).
During the demonstrations, pallets filled with Joint Air-to-Surface Standoff Missile Extended Range
weapons were rolled onto a cargo plane and dropped out the rear of the aircraft; the missiles then
successfully deployed.

The Rapid Dragon campaign is dedicated to experimenting frequently—there have been about 12
tests and demonstrations since the campaign started in 2020 (e.g., AFRL Public Affairs, 2021¢; AFRL
Public Affairs, 2021d; Evans, 2021; Insinna, 2020)—addressing capability gaps and continuing to

83 We considered several additional cases, including counter-sUAS as a service, the XQ-58 unmanned combat aerial vehicle, the
Air Force's Kessel Run approach to software development, and the U.S. Army’s Electric Light Reconnaissance Vehicle efforts.
After initial exploration, we determined these additional cases were too premature at the time to derive immediate insights from

further analysis.
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iterate the technology with each test. Additionally, the Strategic Development Planning and
Experimentation office engaged a multitude of critical entities from the very beginning—entities not
typically engaged until much further into a program, if ever—thereby increasing the chance that this
technology will successfully transition to the warfighter. From the outset, the Rapid Dragon team
included MAJCOMs and Air Staff, the developmental and operational test communities, the aircraft
and weapon program offices, and the mission planners (AFRL Public Affairs, 2021d).

In short, this case study provides an example of a government-industry partnership dedicated to a
“test often, learn fast” culture; building deep expertise by involving various SMEs early on; and

executing an aggressive, yet well-planned and, thus far, successful experimentation plan.

Robotic Combat Vehicles

The RCV was chosen as a case study to serve as an example of an emerging technology that is not
yet associated with a formal capability requirement. The RCV is being developed as part of the
Army’s Next Generation Combat Vehicle family of vehicles. There are three variants: light (RCV-L),
medium (RCV-M), and heavy (RCV-H). The RCV-L is considered expendable; the RCV-M,
durable; and the RCV-H, nonexpendable. Currently, the Army views robotic systems as a way to keep
soldiers out of harm’s way while simultaneously freeing manpower for other, more important, tasks.
The Army envisions employing the RCVs as “scouts” and “escorts” for manned fighting vehicles to
deter ambushes and guard the flanks of mechanized formations (Feickert, 2022).

The RCV Campaign of Learning has a well-thought-out approach that includes multiple steps to
the process. Step 1 involves bringing soldiers in for innovation workshops, pairing them with partners
from industry. At this stage, the teams dream up solutions to problems with no financial, technical, or
other constraints. Step 2 involves modeling these solutions in the virtual environment, allowing the
Army to develop hypotheses related to use cases to test in Step 3, which consists of live experiments.
Two types of live experiments are conducted—Soldier Operational Experiments and Project Origin.
Soldier Operational Experiments are considered very labor intensive and, therefore, take place less
often. Phase I of this experimentation took place in 2020 at the platoon level. At the time of this
writing, Phase II was scheduled for Summer 2022 at the company level and Phase III was set to take
place in 2023, which was intended to involve integrating RCVs into a division squadron and leaving
the vehicles with the unit for a year to clarify the doctrine, organization, training, materiel, leadership
and education, personnel, and facilities (DOTMLPF) requirements more fully. The second type of
live experiment is referred to as Project Origin, and this consists of an RCV surrogate and is
conducted on a much smaller scale (Mayfield, 2020). Regardless, the combination of virtual and live
experiments allows the collection of soldier input and the identification of shortcomings to continually
update the greater body of knowledge and make further improvements to the vehicles. The Army
expects to decide about the acquisition and fielding of RCV’s following Phase IIT (Heaton, 2021).

The fundamental funding architecture relies on 6.2 and 6.3 funding,* although the RCV

Campaign of Learning has also been the recipient of ample 6.4 funding, courtesy of Army Futures

84 DoD has eight different categories of research, development, test, and evaluation (RDT&E) funding, each identified by a
budget activity code ranging from 6.1 to 6.8. Budget activity code 6.1 is for basic research; 6.2 is for applied research; 6.3 is for
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Command, because Next Generation Combat Vehicles are a top modernization priority. These 6.4
funds are considered critical for experiments, which significantly reduce risk for the acquisition
community.

One key takeaway is the Army’s focus on providing desired characteristics for the system, as
opposed to formal, mandatory requirements that contractors must meet (Freedberg, 2020). This
approach provides contractors with significantly more flexibility and room for innovation when
designing the best solution rather than forcing them to meet strict requirements, which can often
change as a technology matures.

Another key takeaway is the involvement of the soldier. Soldier inputs not only help develop
tactics, techniques, and procedures for the use of RCVs but also further refine the requirements
themselves (“US Army Takes Delivery of Eight Robotic Combat Vehicle Prototypes,” 2021). In fact,
soldier feedback during Phase I changed the Army’s priorities. At the time of that experiment, the
RCV-H was the priority. However, feedback from soldiers shifted the focus from the RCV-H to the
RCV-M (Heaton, 2021).

In summary, the level of experimentation being conducted in the RCV Campaign of Learning is
significant and continues to buy down risk for the acquisition community while improving the system
itself and increasing soldier buy-in. Before experiments formally started, multiple tabletop training
exercises and simulation wargames were conducted, during which the Army compared fighting with
and without ground robots, allowing soldiers to conceptually prove the value the RCVs add and to
develop potential use cases. Subsequently, the combination of workshops, both virtual and live
experiments, and obtaining real-time soldier feedback along the way allowed even more progress to be
made. The RCV case highlights that a wide range of types of experimental efforts are available when
evaluating a technology.

MQ-1 Predator

We initially chose the MQ-1 Predator as a case study because the aircraft’s sponsorship
transitioned from a nontraditional to a traditional sponsor. Originally a part of DoD’s Advanced
Concept Technology Demonstration (ACTD), the capability was eventually sponsored by the USAF
ACC. The ACTD was an idea that came about in 1993 when senior leaders realized that the
traditional acquisition process was inefficient in transitioning new and emerging technologies to
warfighters. ACTDs were aimed at demonstrating improved military capability based on mature,
already advanced technologies, with acceptance or rejection primarily based on the warfighters’
evaluation of the utility of the system. Also in 1993, a three-tiered concept for UAV's came about, and
no system filled the Tier II niche.* While the Gnat-750 UAV existed at the time, it could not meet

advanced technology development; 6.4 is for advanced component development and prototypes; 6.5 is for system development
and demonstration; 6.6 is for RDT&E management support; 6.7 is for operational system development; and 6.8 is for software
and digital technology pilot programs. DoD refers to the funding for 6.1 through 6.3 as the science and technology budget. Funds
for 6.4, 6.5, and 6.7 are focused on the application of existing science and technology to meet current or near-term operational
needs. Funds for 6.1 and 6.2 are focused more on research, while those for 6.3 and 6.4 are focused on experimental development.

8 The UAV Joint Program Office distinguished three UAV tiers by progressive endurance, operating altitude, and other
performance specifications. Tier II systems were to “fly 500 nautical miles, remain on station over a target for at least 24 hours,

lift 2 400-500-pound payload, and fly at altitudes of 15,000—25,000 feet” (Thirtle, Johnson, and Birkler, 1997, p. xvi).
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the Tier II requirements and could not execute desired missions. There was an Office of the Secretary
of Defense—driven urgent need for a UAV capable of providing persistent intelligence, surveillance,
and reconnaissance information combined with a strike capability to support operations in Bosnia,
Iraq, and Afghanistan (Van Atta, Kneece, and Lippitz, 2016), so, the RQ-1 Predator evolved from the
Gnat-750 to fill that medium-altitude endurance UAV niche as part of the ACTD process (Thirtle,
Johnson, and Birkler, 1997).

Arguably, the most valuable component of the ACTD process was an explicit focus on warfighter
involvement and approval throughout the process. Users not only participated in managing the
process but also provided real-time feedback from start to finish, allowing meaningful maturation of
the RQ-1 Predator with every iteration. The warfighter was responsible for the ultimate decision
about transitioning an ACTD to the formal acquisition process (Thirtle, Johnson, and Birkler, 1997).
Additionally, users were given the opportunity to truly test RQ-1 operational capabilities because
many experiments were conducted as part of actual military deployments. While the formal
acquisition process typically relies on developmental and operational testing, using the RQ-1 in actual
exercises and military operations allowed more accurate, thorough assessment of its capability and
potential value-add for the warfighter (Van Atta, Kneece, and Lippitz, 2016). Ultimately, the RQ-1
Predator was delivered for user experimentation in a short six months, The ACTD process also used
OTs, allowing greater flexibility and increased innovation, agility, and speed of delivery (Thirtle,
Johnson, and Birkler, 1997).

This case study exemplifies the importance of selecting a lead service as early as possible. In
December 1995, years into the process, ACC was chosen as the lead service for the RQ-1, despite the
fact that the USAF had not actively participated in any aspect of the campaign. Because of that lack of
prior involvement, the USAF lacked the institutional knowledge to successfully lead the program after
the ACTD was completed, resulting in more difficulties than if a lead service had been identified at
the start (or as close to it as possible) (Thirtle, Johnson, and Birkler, 1997).

In 2002, the RQ-1 became the MQ-1 Predator, when it went from unarmed to armed
reconnaissance (“General Atomics MQ-1 Predator [Predator A],” 2018), at which point it
transitioned to being a USAF program of record. Production ended in 2011 after delivery of the
268th aircraft, and the MQ-1 was retired from service in March 2018 (Everstine, 2018).

Blue sUAS

DIU’s Blue sUAS effort is an example of a commercial technology that was tailored to DoD needs
and transitioned for governmentwide purchase on the GSA Multiple Award Schedule.*® DIU
launched Blue sUAS in 2018 to facilitate DoD procurement of policy-compliant commercial sUASs.”

At the time, concerns were mounting about the cybersecurity of UASs manufactured by untrusted

86 GSA's Federal Supply Schedule, often called the GSA Schedule, includes the Multiple Award Schedule. Through the Multiple
Award Schedule, “GSA issues long-term governmentwide contracts that provide federal, state, and local government buyers
access to commercial products, services and solutions at pre-negotiated pricing” (GSA, undated).

87 The name alludes to friendly forces in military parlance, suggestive of the context from which Blue sUAS emerged.
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sources, leading to policy restrictions on the acquisition and use of certain UASs.*® Complicating
defense acquisition, DoD procurement accounts for a small fraction of the commercially dominated
sUAS industry.* DIU stepped in to facilitate trustworthy UAS companies’ policy compliance while
trailblazing a path for U.S. government customers to conveniently purchase “secure, trusted, and
reliable sUAS” (DIU, 2021b, p. 16).

Blue sUAS started in alignment with the Army’s Short Range Reconnaissance program of record
in 2019. This program required a cybersecure, rucksack-portable, policy compliant UAS, and was
sponsored by the Army Program Executive Office Aviation and the Soldier Unmanned Aircraft
Systems Product Office. Through a CSO, DIU solicited proposals from UAS companies to meet
these requirements, from which it awarded five prototype OT agreements totaling $18 million (DIU,
2021b, p. 16). By August 2020, DIU cleared five companies’ sUASs and facilitated their listing on the
GSA Schedule. DIU (2021c¢) reports that “the companies have since seen defense, enterprise and law
enforcement sales.” Government stakeholders in Blue sUAS grew to include the Navy and Marine
Corps Small Tactical Unmanned Aircraft Systems Program Office; the Secretary of the Air Force,
Office of the Chief Information Officer; and DHS Customs and Border Protection (DIU, 2021a).
The success spawned a subsequent effort, known as “Blue sUAS 2.0,” to provide “capabilities
requested by DoD and its federal partners including infrastructure inspection, mapping, carrying
secondary payloads, and more traditional reconnaissance tasks” (DIU, 2021c). The Blue sUAS 2.0
effort includes 11 vendors brought on through the CSO process, the Office of the Under Secretary of
Defense for Acquisition and Sustainment, the U.S. Army Corps of Engineers, and USAFE-Air
Forces Africa A5/8/9 (DIU, 2021b; DIU, 2021c¢). In addition, GSA (2022) signed a memorandum
of understanding with DIU “establish[ing] a framework for GSA to transition successfully prototyped
DIU technology solutions to GSA contract vehicles.”

DIU (undated) points out that UAS systems cleared through Blue sUAS may also be procured
through follow-on production OT or the Defense Logistics Agency’s Tailored Logistics Support
Program.

DIU'’s Blue sUAS effort is instructive for transitioning commercial technology. DIU pioneered
the CSO solicitation process in 2016 and, in the case of SUAS, applied CSO to quickly onramp
multiple, nontraditional vendors to the prototyping process. The CSO process is similar to Broad
Agency Announcements, but DIU uses it specifically to award prototype OT's (DIU Experimental,
2016). Through Blue sUAS, DIU also shows how listing commercial technologies adapted to suit
U.S. government needs on the GSA Schedule is a feasible approach to procurement. The Blue sUAS
case also exemplifies the pivotal role an executor (DIU in this case) plays in managing the transition
process—and shouldering the burden of project leadership—from start to finish. Finally, DIU was
not the sole government actor in the commercial transition process. The documented need for Blue
sUAS technology cascaded through the military departments, DoD, Congress, and the White House.
A multitude of government partners not only contributed to Blue sUAS's successful transition but
was indeed necessary for GSA Schedule listing as a governmentwide purchase option.

88 Section 848 of the NDAA for FY 2020 (Pub. L. 116-92, 2019) codified a ban on certain UASs that DoD had previously had,
and Executive Order 13981 (2021) prohibited procuring certain commercial UASs from “adversary countries.”

89 DIU’s Andrew Musto reports that DoD'’s share of the multibillion-dollar sUAS industry amounts to “tens of millions” (DIU,
2021a).
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Falcon 9 Spacelift

We selected the acquisition of Falcon 9 spacelift services as a case for its large scale, relative
complexity, and grounding in policy to foster a competitive domestic commercial market. Space
Exploration Technologies Corporation (SpaceX) dramatically changed spacelift with its partially
reusable Falcon 9 launch vehicles, a commercial innovation that was supported (if not driven) by U.S.
government policy and investment.”® The Falcon 9 and the subsequently developed Falcon Heavy are
used today to meet national security requirements for “assured access to space” by a trusted source at a
competitive price.”! Prior to Falcon 9 entering government service in 2018, the United States
exclusively relied on two launch vehicles that were becoming obsolete: the Atlas V and the Delta IV.*
While commercial demand for spacelift services has accelerated in recent years, the U.S. government
has been a critical driver of the market since the early 1960s and remains a dominant customer
(Triezenberg et al., 2020).

The USAF's Evolved Expendable Launch Vehicle (EELV) program was well underway—and
Falcon 9 was already approaching technological maturity—by the time the USAF engaged with
SpaceX in 2014.” In 1994, Presidential Decision Directive/NSTC-4 established the need for what
would become the EELV program. Shortly thereafter, Air Force Space Command, through its
subordinate Space and Missile Systems Center (SMC), engaged with Boeing and Lockheed Martin to
develop the Delta IV and Atlas V systems to meet national security requirements.”* Meanwhile,
“Falcon 9 was developed in the mid-2000s and matured with support from the NASA launch service
provider program” (Triezenberg et al., 2020, p. 5). In 2011, the Air Force revised its EELV
acquisition strategy, committing to larger purchases (block buys) and issuing a New Entrant
Certification Guide to introduce new launch service providers. In what is known as Phase 1 of EELV
(from FY 2013 to FY 2019), the Air Force entered into a sole-source block-buy contract with ULA
for up to 36 booster cores and seven years of launch services (McCall, 2020, p. 6).

The Air Force opened EELV to competition in 2014, releasing a request for proposals for EELV
Phase 1a (from FY 2015 to FY 2017), but ULA's only viable competitor, SpaceX's Falcon 9, was not
certified for national security spacelift in time (U.S. Government Accountability Office [GAQO], 2015,
p. 7). During the new entrant certification process, a set of activities known as nonrecurring design
validation included validating Falcon 9’s design along with SpaceX’s “engineering, manufacturing, and
integration processes” (DoD Inspector General, 2020, p. 10). SMC executed this validation through a

cooperative research and development agreement with SpaceX. Using such an agreement in this

% Joint Publication 3-14 (2018, p. I1-8) defines spacelift as “the ability to deliver payloads (satellites or other materials) into
space.”

91 Presidential Decision Directive/NSTC-4 (1994, p. 1) established “assuring reliable and affordable access to space through
U.S. space transportation capabilities” as “a fundamental goal of the U.S. space program.” The policy has been reinforced by
subsequent policy (National Security Presidential Directive 40, 2004) and statute (10 U.S.C. 2273).

92 The Atlas V is powered by Russian-made RD-180 rockets, prohibited by Congress for use after 2022 (Pub. L. 114-328,
2016). United Launch Alliance is expected to retire the Delta IV in 2024 (Erwin, 2020).

B EELV, superseded by the National Security Space Launch program in 2019, was the nation’s primary effort to assure access to
space for national security purposes. The USAF managed the program until it was assumed by the U.S. Space Force in 2021.

94 In 2006, the two companies formed United Launch Alliance (ULA), bringing the two launch vehicle programs under one joint
venture.
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manner “protect(ed] contractor data [while] giving the Air Force insight into the contractors’ designs”
(DoD Inspector General, 2020, p. 10). In parallel, SMC extended a sole source, firm-fixed-price
(FEP) contract to SpaceX for early integration studies to study Falcon 9’s capability to meet national
security spacelift requirements.”

Once the USAF certified Falcon 9 in 2015, SpaceX submitted the only qualified bid to the
USAF’s 2015 EELV request for proposals. Unlike the block-buy Phase 1, Phase 1a was to comprise
up to 14 launches within Falcon 9’s lift capability, which could be executed as individual contracts or
in small lots (GAO, 2015, p. 6). Also, unlike Phase 1, which employed FAR Part 15 negotiation
procedures, Phase 1a launches were designed to be procured using FAR Part 12 commercial service
procedures (GAO, 2015, p. 8). GAO (2015, pp. 13-18) concluded that the shift to commercial item
acquisition benefited the USAF by increasing vendor competition, improving cost control, and
reducing administrative overhead; at the same time, the USAF lost some flexibility in launch
scheduling and involvement in mission assurance.

In 2016, the USAF awarded SpaceX an $82.7 million FFP launch service contract, funded by
SMC, for “launch vehicle production, mission integration, and launch operations” for a GPS III
satellite (DoD, 2016). SpaceX successfully launched the GPS III payload on December 23, 2018, at a
total cost of $89.4 million (SMC Public Affairs, 2018; USASpending.gov, undated-b). While SpaceX
did not recover the booster rocket after launch, the company’s key innovation—partially reusable
Falcon 9 launch vehicles—challenged the EELV program’s “expendable” aspect and demonstrated
success at a lower cost than launch service contracts with ULA. In part to accommodate the future use
of reusable launch vehicles, the NDAA for FY 2019 led to renaming EELV to the National Security
Space Launch program (U.S. Space Force, 2019).

EELV Phase 2 (from FY 2018 to FY 2022) opened competition for launch services through 2027.
To prepare for Phase 2, SMC awarded a series of OT agreements to SpaceX and three other
contractors to develop next-generation rocket propulsion system (RPS) prototypes. In this case, SMC
designed OT's as a series to split RPS prototype development from launch capability prototyping
(known as a launch service agreement), paving the way for Phase 2 FFP launch service procurement
awards. RPS OT's featured industry cost-sharing of at least one-third, with SpaceX nearing 50
percent cost-sharing from 2016 through 2018.% Mayer et al. (2020, pp. 79-82) discusses RPS OT'’s in
detail, including the decision to use OTs, their execution, their benefits, and the challenges
encountered.

In 2020, SMC competitively awarded indefinite-delivery, indefinite-quantity launch contracts to
SpaceX and ULA for an anticipated 34 launches between 2022 and 2027. SMC would continue
awarding OT's to develop engines and prototype launch vehicles while awarding FFP contracts for

launch services.”

% Under contract number FA8811-14-C-0003, SMC awarded SpaceX a total of about $5.9 million from March 2014 through
July 2016 for early integration studies (USASpending.gov, undated-a).

% According to Mayer et al. (2020, p. 82), SpaceX committed $95 million, and SMC committed $98 million to RPS prototype

development.

%7 As of June 2022, Space Systems Command (U.S. Space Force) was awarding RDT&E agreements for National Security
Space Launch (NSSL) Phase 3 through the Space Enterprise Consortium.
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Hallmarks of the Falcon 9 case include the introduction of reusable launch vehicles, increased
competition among vendors, and substantial reductions in price. According to USAF (2020):

The total life cycle cost reduction since the February 2013 program rebaseline now
stands at $22 billion. The NSSL program has returned approximately $7 billion in
procurement funds to the Department of the Air Force and National Reconnaissance
Office, enabling them to fund additional capabilities. The Space and Missile Systems
Center’s Launch Enterprise garnered these savings by creating innovative acquisition
strategies, procuring launch services in economic order quantities, and fostering
robust competition precipitated by investments in new commercial launch systems

that also meet more stressing NSSL needs.

In particular, the USAF appears to have benefited from using a phased contracting strategy. This
broke a rather complex acquisition of launch services into multiple stages, facilitating the use of
different award mechanisms and giving SMC the opportunity to observe contractor performance and

technological maturity before committing to specific launches (SMC Launch Enterprise Directorate,
2017, p. 3).

Case Alignment with Routes to Transition Emerging Commercial
Technologies to the Warfighter

Chapter 6 presented the prevailing routes USAF organizations can take to transition emerging
commercial technologies to the warfighter. As commercially originated technologies, two of the five
cases summarized in this appendix align with transition routes pictured in Figure 6.1: DIU’s Blue
sUAS program and Falcon 9 Spacelift. Transition routes do not apply to the other three cases because
they did not originate in the commercial market.

Both cases began with sponsored capability gaps and involved prototyping but differed in how
they were ultimately procured for deployment. In the case of Blue sUAS, DIU solicited proposals to
adapt commercial UASs to meet defense-unique requirements through prototype OT agreements.
Successful prototypes then became available at large scale to warfighters in two ways: (1) for purchase
through the GSA Schedule or (2) for production through a follow-on OT. In the case of the partially
reusable Falcon 9 launch vehicle, SMC combined FAR-based FFP contracts for launch services with
OT agreements to prototype engines and launch vehicles. While Blue sUAS leveraged prototyping to
enable deployment without capability gap alignment, SMC incorporated prototyping into its
preexisting, AAF-driven Falcon 9 transition.
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Appendix F

Transition Mechanisms

Table F.1 presents key features of mechanisms for transition routes introduced in Chapter 6.
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Table F.1. Key Features of Select Mechanisms for Routes to Transition

Lowest Level of

Authorization Regulatory or

Relevant Features

Mechanism Required Statutory Basis
OT for prototype MAJCOM Non-FAR
projects subordinate

Follow-on OT MAJCOM Non-FAR

production subordinate

MAJCOM
subordinate

Can be used with
FAR-based or non-
FAR agreements

Procurement for
experimental
purposes (“2373”)

CSO MAJCOM Can be used to
subordinate award FAR-based
or non-FAR
agreements
Special MAJCOM FAR based
commercial subordinate

purchases

Not likely to involve restrictions based on
contract’s dollar value

Alignment with capability gap not required
Can facilitate sole sourcing if necessary

Can allow large-scale deployment

Can only use for sole source if the original
OT for prototype was competed

A mechanism available to produce at large-
scale without a sponsored capability

Broad authority to make certain purchases
“for experimental or test proposes,” as well
as providing “a residual operational
capability” (10 U.S.C. 4023)

May transition to OT for prototype

Can be used noncompetitively

Used “to obtain solutions or potential
capabilities that fulfill requirements, close
capability gaps, or provide potential
technological advancements” (Tenaglia,
2022)

Technologies acquired by CSO are treated
as commercial

Can facilitate bringing multiple vendors on
contract

10 U.S.C. 3457 grants DoD the authority to
treat “products and services provided by
nontraditional defense contractors . . . as
commercial products and commercial
services”

FAR Part 13 streamlines commercial item
purchases that do not exceed the
simplified acquisition threshold ($7.5
million)

NOTE: See Mayer et al. (2020) for extended analysis of OTs for prototyping and Defense Acquisition University
(undated-b) for a comparison of CSOs, Prototype OTs, and 2373s. FAR-based contracts are well-established, widely
used, and feature various ready-to-use clauses. Non-FAR contracts are based in statute—as opposed to regulation—
and, thus, are less prescriptive than FAR-based contracts. Non-FAR contracts may be more appealing to small
businesses and nontraditional contractors because of their simplicity relative to FAR-based contracts, but their lack of
standard clauses can involve fewer protections and rights for the government.
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Abbreviations

341 MW/PA
3DEP
AAF
AAM
ACC
ACC/PR
ACE
ACTD
AF/A5
AFB
AFGSC
AFMC
AFRL
AFSOC
AMC
AQOI
CFR
CONOP
CONUS
CSO
DAF
DHS
DIU

DJI

DoD
DoE
DOTMLPF

EELV
eVTOL
FAA
FAR
FFP
FVL

341st Missile Wing Public Affairs

3D Elevation Program

Adaptive Acquisition Framework

advanced air mobility

Air Combat Command

Air Combat Command Personnel Recovery Directorate

agile combat employment

Advanced Concept Technology Demonstration

Air Force Futures
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Air Force Global Strike Command

Air Force Material Command

Air Force Research Laboratory

Air Force Special Operations Command

Air Mobility Command
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Code of Federal Regulations

concept of operation

continental United States

commercial solutions opening

Department of the Air Force

U.S. Department of Homeland Security

Defense Innovation Unit

Shenzhen DJI Sciences and Technologies

U.S. Department of Defense

U.S. Department of Energy

doctrine, organization, training, materiel, leadership and education, personnel,
and facilities

Evolved Expendable Launch Vehicle

electric vertical takeoff and landing

Federal Aviation Administration

Federal Acquisition Regulation

firm-fixed-price

Future Vertical Lift
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GAO
GMTED
GPS
GSA
HSVTOL
ICBM
ICO
IPO
LOE
MAF
MAJCOM
MATE
MCS
NASA
NDAA
NSSL
NTTR
0&S
OECD
ORB
OSA
OSRM
oT
PACAF
RCV
RCV-H
RCV-L
RCV-M
RDT&E
RPS
SIPRI
SMC
SME
SRTM
sUAS
TPECR
TSMC
U.S.C.
UAS

fiscal year

U.S. Government Accountability Office

Global Multiresolution Terrain Elevation Data
Global Positioning System

General Services Administration

high-speed vertical takeoff and landing
intercontinental ballistic missile

Innovative Capabilities Opening

initial public offering

line of effort

missile alert facility

major command

multi-attribute tradespace exploration
Megawatt Charging System

National Aeronautics and Space Administration
National Defense Authorization Act

National Security Space Launch

Nevada Test and Training Range

operations and sustainment

Organisation for Economic Co-operation and Development
organic resupply bus

operational support airlift

Open-Source Routing Machine

other transaction

Pacific Air Forces

Robotic Combat Vehicle

Robotic Combat Vehicle—Heavy

Robotic Combat Vehicle—Light

Robotic Combat Vehicle-Medium

research, development, test, and evaluation
rocket propulsion system

Stockholm International Peace Research Institute
Space and Missile Systems Center
subject-matter expert

Shuttle Radar Topography Mission

small unmanned aircraft systems

Tolicha Peak Electronic Combat Range

Taiwan Semiconductor Manufacturing Company Limited
U.S. Code

unmanned aircraft systems
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ULA

UMC

UPS

USAF

USAFE
USEUCOM
USGS
USINDOPACOM
USTRANSCOM
VES

VTOL

United Launch Alliance

United Microelectronics Corporation
United Parcel Service

U.S. Air Force

U.S. Air Forces Europe

U.S. European Command

U.S. Geological Survey

U.S. Indo-Pacific Command

U.S. Transportation Command
Vertical Flight Society

vertical takeoff and landing
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